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FOREWORD 


This  document  constitutes  a  final  report  on  work  performed  by  the  Radia¬ 
tion  Effects  Physics  Group  at  the  Harry  Diamond  Laboratories  (HDL)  during  FY 
1980-1983  under  both  Army  6.1  and  Defense  Nuclear  Agency  6.2  (TREE  Hardness 
Assurance  Program)  sponsorship.  The  intent  of  the  effort,  as  indicated  in  the 
body  of  the  text,  was  to  explore  the  possibility  of  developing  a  promising 
electrical  technique  (field-induced  electron  injection  and  impact  ionization- 
F4 1 ) ,  as  a  means  for  easily  and  reliably  characterizing  the  total-aose  radia¬ 
tion  hardness  of  metal-oxide-semiconductor  (MOS)  integrated  circuits,  in  a 
test  to  be  performed  preferably  at  the  wafer  level,  near  a  process  line,  and 
in  a  routine  manner  by  technicians.  This  effort  was  successful--the  F^I 
technique  works,  and  a  usable  test  system  was  developed.  Nevertheless,  the 
effort  was  overtaken  by  another — in  particular,  the  development  of  a  commer¬ 
cially  available  low-energy  x-ray  source  specifically  designed  for  on-wafer 
irradiation  of  integrated  circuits.  While  some  difficulties  have  been  experi¬ 
enced  with  correlating  results  obtained  with  more  standard,  higher  energy 
sources  (e.g.,  60Co),  an  x-ray  system  has  the  advantages  of  (1)  being  a  "real" 
ionizing  radiation  source;  (2)  allowing  irradiation  of  complete  circuits  as 
well  as  test  structures;  and  (3)  being  presently  commercially  available.  In 
the  face  of  these  facts,  development  of  the  F^I  test  was  deemphasized  in  late 
1982.  Despite  discontinuation  of  formal  development  of  an  F4I  test  system  at 
HDL,  the  F4I  technique  has  since  been  successfully  applied  as  a  research  tool 
at  several  laboratories  and  universities  for  examining  the  behavior  of  MOS 
devices,  and  at  least  one  laboratory  is  continuing  investigation  of  the  tech¬ 
nique  as  a  radiation  hardness  assurance  tool.  For  this  reason  this  report  was 
prepared. 
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1 .  INTRODUCTION 


Military  electronic  systems  currently  being  fielded  or  under  development 
employ  integrated  circuits  (IC's)  of  increasing  complexity.  As  IC  complexity 
has  advanced,  the  IC  technologies  which  employ  metal -oxide-semiconductor  (MOS) 
field-effect  transistors  as  the  basic  circuit  elements  have  assumed  a  dominant 
position.  These  technologies  include  n-channel  and  p-channel  MOS  (NMOS  and 
PMOS)  and  complementary  MOS  (CMOS),  along  with  variants  such  as  silicon-on- 
sapphire  (SOS)  MOS  and  silicon-on-insulator  (SOI)  MOS.  The  great  bulk  of 
commercial  large-scale-integration  (LSI)  or  ■ very-large-scale- integration 
(VLSI)  integrated  circuits,  including  microprocessors ,  semiconductor  memories, 
and  peripherals,  are  constructed  in  one  or  more  of  these  MOS  technologies. 

The  major  effect  of  ionizing  radiation  from  a  space  or  nuclear  weapon 
environment  on  an  MOS  IC  is  generation  of  electron/hole  pairs  in  the  silicon 
dioxide  (Si02)  insulating  layers  of  the  device.  These  layers  include  the  thin 
gate  insulator  between  the  gate  electrode  and  active  channel  region  in  the  Si 
in  each  MOS  field-effect  transistor  (MOSFET)  and  the  thicker  field  oxide 
insulator  which  surrounds  and  isolates  most  of  the  structures.  Radiation 
damage  in  the  gate  oxide  has  received  the  greatest  attention,  since  this 
directly  affects  the  operating  point  and  characteristics  of  the  individual 
MOSFET's  in  a  circuit.  The  primary  ionizing  radiation  effect  in  the  Si02 
layers  is  generation  of  electron/hole  pairs.  In  a  typical  device-quality 
thermally  grown  oxide,  the  radiat ion-generated  electrons  are  rapidly  (within 
picoseconds)  swept  out  of  the  oxide  by  any  electrical  bias  applied  between  the 
gate  electrode  and  the  Si  substrate.  The  radiat ion-generated  holes,  on  the 
other  hand,  move  relatively  slowly  through  the  oxide  and,  under  worst-case 
(gate-positive)  bias,  some  fraction  of  them  are  trapped  in  the  oxide  near  the 
Si02/Sl  interface.  This  trapped  positive-charge  distribution  causes  a  nega¬ 
tive  shift  in  the  operating  point  or  threshold  voltage  ( Vt )  of  the  MOSFET. 
The  radiation-generated  holes  can  also  cause  production  of  interface  states  at 
the  Si02/Si  interface,  causing  additional  changes  in  the  operating  point  and 
gain  of  the  MOSFET.  If  these  changes  become  too  severe,  device  failure  may 
result . 

The  vulnerability  of  MOS  devices  to  radiation  damage  has  usually  been 
determined  by  exposing  test  devices  to  ionizing  radiation  from  a  variety  of 
high-energy  radiation  sources:  6°Co,  flash  x-ray  machines,  electron  linear 
accelerators  (Van  de  Graaf  machines,  LINAC’s),  and  pulsed  reactors.  Testing 
procedures  using  such  sources  generally  cannot  be  applied  on  or  near  the 
process  line  at  the  wafer  level  and  are  usually  time-consuming  and  expensive. 
Lower  energy  ioni zing-radi at  ion  sources  such  as  scanning  electron  microscopes 
[1-3]  and  vacuum  ultraviolet  sources  [H]  have  been  used  in  radiation  hardness 
testing  but  have  not  received  wide  acceptance.  As  discussed  in  the  foreword, 
during  the  period  of  this  effort  ( FY  1980-83),  use  of  a  10-keV  x-ray  source 
for  on-wafer  testing  was  also  proposed.  One  purely  electrical  means  for 
investigating  hole  and  electron  trapping  in  Si02  is  avalanche  charge  injection 
into  the  Si02  from  the  Si  substrate  [5,6].  Application  of  this  technique  to 
radiation  hardness  assurance  is  complicated  by  the  need  to  employ  negative 
bias  and  highly  doped  Si  substrates  for  hole  injection.  In  work  published  in 


1979,  we  described  another  all-electrical  technique  for  the  simulation  of 
radiation  damage  in  MOS  structures.  This  technique — field-induced  electron 
injection  and  impact  ionization  (F9I)  [7] — and  means  for  applying  it  received 
a  patent:  U.S.  Patent  9,323, 8*42,  issued  April  6,  1982. 

Sections  ?  and  3  of  this  report  review  the  physical  principles  behind  the 
F9l  test  and  the  early  experiments  performed  to  verify  and  demonstrate  the 
technique  and  its  ability  to  simulate  radiation  damage  in  MOS  structures. 
Section  9  describes  an  effort  to  assess  and  ameliorate  the  effect  of  dielec¬ 
tric  breakdown  on  the  applicability  of  the  F9i  test.  Section  5  then  describes 
the  development  and  function  of  a  prototype  F9i  test  system,  and  section  6 
presents  representati ve  test  results  obtained  with  this  system. 


2.  REVIEW  OF  THEORETICAL  BASIS  FOR  F9l  TECHNIQUE 

The  active  region  of  all  MOS  devices  consists  essentially  of  a  parallel- 
plate  capacitor  with  a  metal  or  polysilicon  gate  electrode,  a  silicon  sub¬ 
strate  counterelectrode,  and  an  intervening  S102  gate  insulator  dielectric. 
Energy  band  diagrams  for  this  structure  are  shown  schematically  in  figure  1. 
The  F9I  technique  takes  advantage  of  two  processes  which  operate  in  an  MOS 
structure  when  a  very  large  positive  field  (gate  positive  with  respect  to 
substrate)  is  applied  across  the  Si02  gate  oxide  (fig.  lb).  The  first  process 
is  Fowler-Nordheim  tunneling  of  electrons  into  the  oxide.  The  second  process 
is  creation  of  electron/hole  pairs  in  the  Si02  by  interaction  of  field- 
accelerated  electrons  with  the  oxide  via  impact  ionization.  Once  created,  the 
electron/hole  pairs  are  indistinguishable  from  those  produced  by  ionizing 
radiation  (fig.  la):  the  electrons  contribute  slightly  (typically  -1  percent) 
to  the  tunneling  current  through  the  oxide  toward  the  gate  electrode,  while 
the  holes  transport  toward  the  Si  where  they  may  escape  into  the  Si  or  inter¬ 
act  to  become  trapped  or  lead  to  interface-state  production. 

Fowler-Nordheim  tunneling  of  electrons  from  the  conduction  band  of  the  Si 
is  strongly  electric-field  dependent  and  is  described  by  the  expression 

J  =  AE2  exp(-B/E)  ,  (1  ) 

where  J  is  the  electron  current  density,  E  is  the  applied  field  across  the 
oxide  (neglecting  space  charge),  and  A  and  B  are  constants  for  the  material. 
The  values  of  these  constants  were  obtained  from  the  work  of  previous  investi¬ 
gators  [8-10]:  A  -  2  *  10s  A/MV2  and  B  =  238  MV/cm.  (The  determination  of  A 
is  subject  to  large  errors.  The  given  value  is  a  best  estimate  from  several 
references  and,  for  the  stated  value  of  B,  is  believed  accurate  within  a 
factor  of  two. ) 

After  being  injected  into  the  conduction  band  of  the  oxide,  electrons 
drift  under  the  influence  of  the  electric  field.  At  fields  above  -8  MV/cm,  a 
small  fraction  of  the  electrons  acquire  enough  energy  (-9  eV)  between  scatter¬ 
ing  events  to  produce  electron/hole  pairs  in  the  oxide  by  impact  ionization. 
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Figure  1.  Creation  of  electron/ 
hole  pairs  in  Si02  (a)  by  pene¬ 
trating  ionizing  radiation,  and 
(b)  via  impact  ionization  by 
electrons  injected  into  Si02  by 
Fowlei — Nordheim  tunneling  under 
large  applied  field. 


These  ionization  events  occur  essentially  uniformly  through  the  bulk  of  the 
Si02.  The  probability,  P,  that  an  injected  electron  will  create  an  electron/ 
hole  pair  is  given  by  the  expression 

P  =  La0exp(-H/E)  ,  (2) 

where  aQ  and  H  are  constants  and  L  is  the  oxide  thickness.  Solomon  obtained 
a  =  6.5  *  1011  cm-1  and  H  =  1 80  MV/cm  by  fitting  this  expression  to  his  data 
[9].  P  is  plotted  in  figure  2  for  an  oxide  thickness  of  100  nm.  Impact 
ionization  becomes  a  practical  process  for  oxide  fields  greater  than  8  MV/cm. 


1 1 


«-  «  ,•  s'  ./  ..'  v' 


.1* 


%  ‘Vlvl 


•  .r  r  ,'j* jwwMY  mumnw 


V  -■  V 


r.v.v.v.v.v.v^ 


The  area  density, 


holes 


created  by  impact  ionization  in  the 
Si02  is  given  by  the  product  of  the 
injection  current  (J),  the  ionization 
probability  (a),  the  oxide  thickness 
(L),  and  the  duration  of  the 
injection  (At): 


Qa,  —  JotLAt 

(3 

=  a0ALAt  exp[-(H  +  B)/E] 


The  area  density,  QAp,  of  holes 
created  in  Si02  by  ionizing  radiation 
is  described  by  the  following 
expression: 


s 

s 


QAr  =  KLf (E)D 


where 


K  =  1.22  x  1CT6  C*cm-3rad(Si02)~ 1 
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0H0E  HELD,  E  (MV/cn) 


is  the  infinite-field  ionization  Figure  2.  Probability  of  an  impact 
coefficient  and  D  is  the  absorbed  ionization  event  per  electron  as  a 

dose  in  the  Si02  (rad(Si02));  f(E)  is  function  of  oxide  field  in  a  100- 

a  field-dependent  charge  yield  param-  nm  oxide, 
eter  and  has  the  value  0.8 3  at  E  = 

1  MV/cm  for  high-energy  irradiation  (e.g.,  60Co)  [12].  Therefore,  in  order  to 
determine  the  equivalent  "dose,"  Deq,  delivered  to  an  Si02  gate  oxide  by  the 
impact  ionization  technique,  the  created  hole  densities  from  impact  ionization 
and  ionizing  radiation  (eq  (3)  and  (4))  are  equated,  and  the  resulting 
expression  solved  for  D: 


D  =  [a0AEJAt/Kf (E) ]  exp(-H  +  B)/E 


Using  the  approximate  values  for  the  parameters  discussed  previously,  we  can 
estimate  the  equivalent  dose  due  to  impact  ionization: 


102-E2At  exp ( -41  8/E) 


where  E  is  expressed  in  megavolts  per  centimeter.  For  E  =  9  MV/cm,  equation 
(6)  yields  Deq  -  10*At.  Thus,  applying  a  field  of  9  MV/cm  in  pulses  for  a 
total  of  1  s  should  introduce  as  many  holes  into  the  Si02  as  a  1-Mrad(Si02) 
irradiation  under  1-MV/cm  applied  field. 

The  equivalent  dose  may  also  be  expressed  in  terms  of  the.  injected  elec¬ 
tron  fluence,  Qj,  where  Qj  =  jAt. 

Dpn  =  [ a  /Kf (e )  ]q  exp(-H/E)  (7) 

CM  O  1 

=  6  *  101 7Q:  exp (-180  /E)  .  (8) 
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3.  REVIEW  OF  EARLY  EXPERIMENTS  WITH  I  TECHNIQUE 


3. 1  Test  Circuit  and  Measurement  Procedure 

A  simplified  schematic  of  the  circuit  used  to  apply  the  F^I  test  is 
shown  in  figure  3a.  and  a  block  diagram  of  the  apparatus  used  for  the  early 
measurements  is  shown  in  figure  4.  The  general  arrangement  was  similar  to 
that  employed  by  Shatzkes  and  Av-Ron  for  their  impact  ionization  studies 
[11].  In  our  case,  a  generator  produced  positive  rectangular  pulses  of  vari¬ 
able  duration,  At,  and  repetition  rate.  These  pulses  were  amplified  to  the 
desired  amplitude  (typically  50  to  100  V)  in  an  output  stage  designed  for 
close  amplitude  control  and  pulse  top  flatness.  The  pulses  (Vp  in  fig.  3a) 
were  added  to  an  adjustable  background  bias  voltage,  Vg,  and  were  applied  to 
the  gate  electrode  of  the  MOS  sample.  The  current,  I,  flowing  through  the  MOS 
capacitor  was  converted  to  a  voltage  by  a  fast  operational  amplifier  and  the 
current  pulses  were  displayed  on  an  oscilloscope.  The  current,  Ij,  injected 
into  the  sample  was  read  from  the  oscilloscope  trace  at  a  time,  Atm,  long 
enough  after  the  start  of  the  voltage  pulse  for  the  much  larger  displacement 
current  from  the  charging  of  the  sample  capacitance  to  have  died  out.  The 
amplitude,  Vj,  of  the  injection  pulse  was  also  accurately  measured  at  this 
time  using  a  fast  sample-and-hold/analog-to-digi tal  converter  system  syn¬ 
chronized  to  the  injection  pulses.  Following  pulsed  injection,  the  MOS  sample 
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Figure  3.  Schematic  of  F4l 
test:  (a)  simplified  circuit 

and  (b)  sample  voltage  and 
current  waveforms  during  an 
injection  pulse. 
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Figure  Block  diagram  of  circuit  used  for  early  F^i 
measurements. 

was  switched  to  a  standard  C-V  characteristic  measurement  system  to  record  the 
effects  of  the  injection.  Primary  considerations  in  the  experimental  design 
were  that  (1)  the  stressing  pulses  must  be  fairly  short  (microseconds  to 
milliseconds)  to  minimize  current  runaway  to  breakdown;  (2)  the  pulse  ampli¬ 
tude  must  be  accurately  controlled  and  measured  because  of  the  strong  field 
dependence  of  the  injection  and  impact  ionization  processes;  and  (3)  the 
injection  pulse  must  be  flat  topped,  and  the  current  amplifier  must  recover 
rapidly  from  overloads  to  simplify  injection  current  measurements  in  the 
presence  of  large  transient  displacement  currents  in  the  sample. 


In  a  typical  measurement  sequence,  the  injection  pulse  amplitude  was 
first  preset  to  a  voltage  corresponding  to  the  desired  applied  electric  field, 
and  the  pulse  duration  was  set.  A  number  of  injection  pulses  were  then  de¬ 
livered  to  the  sample,  and  the  average  injection  current  was  monitored. 
(Trapping  of  holes  near  the  SiC^/Si  interface  generally  caused  some  increase 
in  the  injection  current  as  the  pulsing  progressed  because  of  enhancement  of 
the  field  at  the  interface.  This  trapping  of  holes  would  have  little  effect 
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,  on  the  field  in  the  Si02  bulk  and,  consequently,  upon  the  electron/hole  pair 

creation  rate.)  When  the  desired  injected  electron  fiuer.ce  was  reached,  the 
pulsing  was  stopped,  and  the  C-V  characteristics  of  the  sample  were  measured. 


3.2 


MOS  Samples  for  Early  Experiments 


To  show  that  the  F4I  technique  could  be  used  to  assess  the  hardness 
of  MOS  structures,  various  MOS  gate  materials  were  tested.  They  were  obtained 
from  several  different  suppliers  and  represent  different  processes  and  levels 
of  radiation  hardness.  SD  oxide  was  a  commercial  type,  thermally  grown  in  dry 
oxygen;  D  was  a  moderately  radiat ion-tolerant ,  dry-grown  oxide;  HD  was  a 
radiation-hard  dry-grown  oxide;  and  HW  and  TW  were  hard,  pyrogenic-H20,  wet- 
grown  oxides.  The  wet  oxides  were  grown  at  temperatures  from  850  to  950°C  and 
annealed  at  the  same  temperatures  used  for  the  growth. 


The  dry  oxides  were  grown  at  1000°C  and  were  not  annealed.  All  the 
Si02  layers  were  grown  on  1  to  5  fl-cm  n-type  Si.  The  samples  all  employed 
aluminum  gate  electrodes  that  were  vapor  deposited  from  carbon  crucible  or 
electron-beam-heated  sources  and  that  were  sintered  at  500°C  in  argon  or 
nitrogen  for  15  to  20  min.  For  our  tests,  the  MOS  capacitors  were  mounted  on 
T05  headers.  Mounting  is  not  essential  for  the  F4I  test,  but  was  done  in  this 
case  to  facilitate  the  irradiation  of  some  capacitors  of  each  type  at  the  60Co 
source.  Preirradiation  bias-temperature  measurements  showed  very  small 
effects  in  all  the  samples  in  these  tests.  Oxide  layer  thicknesses  were 
determined  by  ellipsometry  or  capacitance  measurements. 


3-3  Fowler-Nordheim  Tunneling 


Samples  of  each  type  of  MOS  capacitor  were  measured  to  determine  the 
dependence  of  oxide  current  density,  Jj,  upon  applied  electric  field,  E. 
Voltage  pulses  of  increasing  magnitude  were  applied  to  each  sample  and  the 
injection  current,  Ij,  was  measured  as  described  above.  Figure  5  shows 
Fowler-Nordheim  plots  (Jj/E2  as  a  function  of  1/E)  for  the  various  samples. 
(We  assumed  that  impact  ionization  made  a  negligible  contribution  to  the 
measured  sample  current.  As  shown  by  figure  2,  this  was  certainly  true  for 
all  but  the  highest  field  points.)  The  highly  linear  relationships  on  this 
plot  strongly  imply  that  Fowler-Nordheim  tunneling  was  the  dominant  charge 
injection  process  as  expected.  At  1 /E  =  0.11  cm/MV  (i.e.,  9  MV/cm  applied 
field),  the  curves  for  the  various  samples  show  a  spread  of  about  a  decade  in 
Vj/E2 .  In  principle,  these  curves  should  be  coincident.  The  variations 
between  sample  types  may  have  resulted  from  variations  in  the  tunneling 
barrier  heights  due  to  details  of  the  Si02/Si  interface.  In  addition,  slight 
errors  in  the  electric  field,  E,  at  the  interface  can  shift  the  curves  signif¬ 
icantly.  In  the  present  case,  E  was  calculated  directly  from  the  applied 
voltage,  Vj ,  and  the  oxide  thickness,  L,  both  of  which  are  subject  to  measure¬ 
ment  error.  In  addition,  the  actual  interface  electric  field  is  perturbed  by 
fixed  oxide  charge  and  interface  states.  Without  taking  these  factors  into 
account,  a  fit  to  the  mean  of  the  data  in  figure  5  yields  values  for  the 
Fowler-Nordheim  tunneling  parameters  of  A  =  5  »  10!  A/MV2  and  B  =  221  MV/cm, 
in  reasonable  agreement  with  results  from  other  investigators. 
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Figure  5.  Fowler-Ncrdheim  plots 
(Jj/E2  as  a  function  of  1 /E) 
for  various  MOS  capacitor 
samples  measured  using  F4I 
apparatus . 


1/E  (cm/MVI 

3. ^  Comparison  of  F^I  Test  Effects  with  60Co  Irradiation 

Figure  6a  shows  the  effect  of  irradiation  of  a  TW  sample  with  an 
oxide  thickness  of  75.7  nm  under  1-MV/cm  positive  bias  to  doses  of  2  *  1  04  and 
10!  rad(Si02)  in  the  HDL  60Co  source.  Note  the  progressive  negative  shift  and 
increasing  distortion  (stretchout)  of  the  C-V  curves  with  increasing  dose. 
The  negative  shift  is  associated  with  net  positive  charge  trapping  (holes)  in 
the  oxide,  while  the  curve  distortion  is  generally  attributed  to  radiation- 
induced  interface-state  buildup. 

Figure  6b  shows  the  response  of  a  75.7-nm  wet  oxide  (TW)  capacitor  to 
various  levels  of  total  injected  electron  fluence  at  9.5  MV/cm.  Comparison  of 
figures  6a  and  6b  shows  that  electron  injection  and  60Co  irradiation  produced 
changes  in  the  C-V  curves  that  were  qualitatively  similar,  with  comparable 
negative  AVpg  and  stretchout. 

To  determine  quantitatively  the  correlation  between  the  effects  of 
the  F4I  technique  and  ionizing  radiation  on  the  MOS  capacitors,  the  various 
types  of  samples  were  irradiated  at  the  HDL  60Co  facility  to  doses  of  10"  to 
105  rad(Si02).  Similar  samples  were  exposed  to  F^I  injection  at  9  MV/cm  and 
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Figure  6.  Capacitance-voltage  characteristics  for  76-nm  oxide  samples: 

(a)  before  and  after  irradiation  in  a  60Co  source  and  (b)  before  and  after 
high-field  electron  injection  (F4l  technique)  at  9.5  MV/cm  to  various 
electron  fluences. 


for  equal  injected  electron  fluences  (1.9  *  10-5  C/cm2).  (Both  the  60Co  total 
dose  and  injected  electron  fluence  levels  were  kept  low  to  keep  the  resulting 
flatband  shifts  in  the  relatively  linear  damage  region  below  105  rad(Si02).) 
In  order  to  compare  the  results  properly,  the  60Co  flatband  shifts  were  first 
normalized  to  a  uniform  10-krad(Si02)  dose.  Then,  in  order  to  compare  results 
for  the  various  oxide  thicknesses  on  an  equal  footing,  both  the  F4l  and  6°Co 
results  were  normalized  to  an  equivalent  100-nm  oxide  thickness  assuming  an 
oxide-thickness-squared  dependence  [12].  The  results  are  plotted  in  figure 
7.  The  data  are  readily  fit  by  a  straight  line,  indicating  that  the  damage 
introduced  by  the  F^l  technique  "tracks"  the  damage  produced  by  the  60Co 
irradiations .  From  the  slope  of  the  line,  an  injected  electron  fluence  of  1.9 
«  10-s  C/cm2  at  9  MV/cm  was  found  to  be  2.3  times  as  effective  at  introducing 
incremental  AVp0  as  the  10-krad(Si02)  60Co  irradiation.  Thus,  the  experimen¬ 
tally  determined  relationship  between  injected  charge  Qj  =  JjAt  at  9  MV/cm  and 
equivalent  dose  D„n  was  found  to  be  given  by 

Deq  =  !-2  *  109  «I  *  (9) 

In  a  typical  sample,  Jj  at  9  MV/cm  was  -10-3  A/cm2,  so  that  DeC)  -  106 
At,  in  agreement  with  the  estimate  of  equation  (6)  for  a  field  of  9  MV/cm. 
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Figure  7.  Normalized  AVpg 
produced  by  high  field 
stressing  ( F4 I  technique)  to 
injected  electron  fluence  of 
1.9  «  1 0~ 5  C/cm2  at  9  MV/cm 
versus  normalized  AVpg 
produced  by  10**  rad(S102) 
60Co  irradiation  for  various 
MOS  samples. 


Therefore,  within  the  large  uncertaint ies  in  some  of  the  parameters,  the 
essential  equivalence  between  hole  creation  by  the  F*4I  technique  and  by  an 
ionizing  radiation  source  as  predicted  by  equation  (5)  was  verified. 

Figure  8  shows  C-V  curves  for  97-nm  pyrogenic-oxide  MOS  samples  taken 
at  room  temperature  (solid  curves)  and  at  77  K  (dashed  curves)  before  and 
after  F4l  test  exposure.  Note  that  the  room-temperature  postirradiation  C-V 
curve  shows  significant  distortion  (stretchout)  with  respect  to  the  room- 
temperature  pre-irradiation  curve,  while  the  77  K  post-  and  pre-irradiation 
curves  show  little  change  in  shape.  At  room  temperature,  the  charge  in  inter¬ 
face  states  can  respond  to  changes  in  the  gate  voltage  and  cause  distortion  in 
the  C-V  curves,  whereas  at  77  K  the  interface-state  charge  is  "frozen  in"  in 
the  interface  states  and  does  not  affect  the  shape  of  the  C-V  curves.  There¬ 
fore,  the  observed  increase  in  distortion  in  the  room-temperature  C-V  curves 
for  this  sample  is  attributable  to  generation  of  interface  states  rather  than 
other  possible  sources  of  distortion  such  as  a  laterally  nonuniform  buildup  of 
oxide  trapped  charge. 
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Figure  8.  Capacitance-voltage  characteristics  for  97-nm  wet- 
process  MOS  oxide  sample  measured  at  room  temperature  (295  K) 
and  77  K  before  and  after  high-field  stressing  (F4l  test). 

4.  DIELECTRIC  BREAKDOWN  IN  Si02  SAMPLES 


Background 


The  electric  field  applied  across  the  Si02  layer  during  an  F4l  test 
sequence  is  typically  in  the  range  from  8.5  to  10  MV/cm,  corresponding  to  85 
to  100  V  across  a  100-nm  oxide.  Such  fields/potentials  are  far  greater  than 
those  normally  applied  to  MOS  structures  and  consequently  dielectric  breakdown 
might  be  anticipated.  In  fact,  the  intrinsic  breakdown  field  of  Si02  is  much 
greater  than  10  MV/cm  and  may  be  as  high  as  30  MV/cm  [13].  Nevertheless, 
dielectric  breakdown  almost  universally  occurs  within  a  fraction  of  a  second 
in  apparently  fault-free  MOS  structures  stressed  with  steady  (not  pulsed) 
fields  above  about  8  MV/cm.  Considerable  work  has  been  done  on  breakdown  (see 
review  [14]);  typically  a  "runaway-to-breakdown"  phenomenon  is  observed.  When 
the  electric  field  is  first  applied,  an  apparently  normal  and  constant  Fowler- 
Nordheim  tunneling  current  is  initially  measured.  Suddenly,  after  a  fraction 
of  a  second,  a  rapidly  but  smoothly  increasing  current  is  observed,  followed 
generally  by  current  "spikes,"  permanent  sample  breakdown,  and  shorting.  One 
model  [15]  for  this  process  suggests  that  electron  injection  via  tunneling 
into  the  oxide  takes  place  preferentially  at  thinner  spots  in  the  dielectric 
where  higher  electric  fields  may  be  present.  Impact  ionization  would  then 
also  take  place  preferentially  at  these  locations.  The  excess  impact¬ 
generated  holes  "decorating"  the  defect  region  enhance  the  electric  field  in 
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that  region  at  the  interface,  resulting  in  an  additional  local  increase  in 
electron  injection.  This  process  is  therefore  regenerative  and  can  "run  away" 
to  oxide  damage  and  breakdown. 


4.2  Breakdown  under  F4I  Test  Conditions 

The  F4l  test  technique  avoids  dielectric  breakdown  in  most  MOS 
samples  by  applying  high  electric  fields  across  the  Si02  in  short  pulses 
rather  than  in  a  continuous  (dc)  manner.  For  typical  test  conditions  the 
injection  pulse  duration  may  be  tens  of  microseconds  with  a  duty  cycle  of  a 
few  percentage  points.  Applying  the  high  field  in  this  manner  prevents  injec¬ 
tion  current  runaway  to  breakdown  in  most  cases.  In  terms  of  the  breakdown 
model  outlined  above,  applying  the  electric  field  in  short  pulses  would  prob¬ 
ably  have  the  effect  of  choking  off  the  incipient  runaway  process.  As  dis¬ 
cussed  in  the  introduction,  holes  move  slowly.  Most  of  the  small  number  of 
excess  holes  generated  in  a  defect  region  during  a  short  injection  pulse  may 
have  time  to  transport  away  from  the  region  during  the  relatively  long  low- 
field  interval  before  the  next  pulse.  Thus,  local  amplification  of  the  inter¬ 
face  electric  field  would  be  reduced  and,  with  it,  the  tendency  toward  posi¬ 
tive  feedback  and  breakdown. 


The  F4I  test  has  been  successfully  applied  to  most  of  a  wide  variety 
of  MOS  capacitor  samples  at  our  laboratory.  However,  as  may  be  expected, 
sample  failure  by  dielectric  breakdown  did  occur  frequently  before  useful  test 
results  could  be  obtained.  The  rate  of  failure  was  highly  dependent  upon 
sample  type:  in  certain  batches  of  samples  perhaps  only  1  in  10  would  break 
down  under  the  test  conditions:  on  the  other  hand,  a  few  sample  types  were 
never  successfully  tested  (-20  samples  of  these  types  were  tried).  No  clear 
correlation  between  sample  dielectric  strength  and  the  known  oxide  processing 
differences  (e.g.,  wet  or  dry  oxidation,  annealing  schedules)  was  evident. 
Most  of  the  failures  occurred  immediately  upon  application  of  a  test  voltage 
staircase  at  relatively  low  fields,  suggesting  the  presence  of  gross  defects 
such  as  spikes  (local  metallization  intrusions  into  the  Si02). 


Dielectric  breakdown  was  studied  in  detail  in  several  representative 
MOS  capacitor  sample  lots.  The  samples  were  subjected  to  short  voltage  pulses 
of  slowly  increasing  amplitude  (pulse  voltage  staircase)  using  the  prototype 
F4I  apparatus.  The  apparatus  was  programmed  to  continuously  monitor  the 
injection  current  through  the  sample,  and  signal  and  halt  the  pulse  voltage 
staircase  when  excessive  current  flow  (usually  above  a  few  microamperes  per 
square  centimeter)  was  detected.  When  this  occurred,  the  test  was  repeated  to 
confirm  the  failure.  Most  frequently,  excessive  current  would  then  be  meas¬ 
ured  upon  application  of  the  first  pulse  at  a  very  low  voltage,  indicating 
that  the  sample  had  sustained  permanent  damage  (shorted).  Often,  however, 
upon  retest,  samples  did  not  register  excessive  current  at  the  previous  volt¬ 
age  levels  and  either  passed  the  test  (i.e.,  sustained  voltage  pulses  corre¬ 
sponding  to  a  field  of  10  MV/cm  without  shorting),  or  developed  permanent 
damage  at  a  higher  voltage  than  the  initial  failure  level.  This  "healing" 
effect  sometimes  occurred  several  times  in  a  sample  at  successively  higher 
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voltages,  and  might  be  attributed  to  burnout  of  conductive  paths  such  as 
metallic  filaments  through  the  oxide.  In  any  case,  the  breakdown  field  for 
this  test  was  defined  as  the  applied  field  at  which  permanent  (nonhealable ) 
damage  occurred. 


Figure  9  shows  breakdown  distributions  obtained  for  representative 
"weak"  and  "strong"  MOS  capacitor  lots.  The  applied  electric  field  range  from 
0  to  10  MV/cm  was  divided  into  intervals  (bins)  and  the  number  of  samples  that 
broke  down  within  each  fi^ld  interval  is  plotted  as  a  histogram  over  these 
intervals.  The  "weak"  samples  failed  most  frequently  at  very  low  fields,  well 
below  the  onset  of  measurable  Fowlei — Nordheim  tunneling.  The  "strong"  samples 
showed  only  a  few  scattered  failures  at  fields  below  8  MV/cm.  This  study  again 
showed  no  obvious  correlation  of  "strong"  or  "weak"  breakdown  characteristics 
with  oxide  processing  (supplier,  wet  or  dry  oxide  growth,  annealing  schedule). 
Instead,  several  instances  were  found  in  which  MOS  capacitors  from  the  same 
process  lot  but  which  were  mounted  and  bonded  at  different  times  showed 
markedly  different  breakdown  distributions.  At  that  time,  most  Fh I  measure¬ 
ments  were  performed  on  samples  mounted  on  headers  to  facilitate  concurrent 
60Co  tests  rather  than  directly  on  wafers  with  a  probe  station.  When  samples 
from  these  lots  were  tested  for  breakdown  directly  on  the  wafer  using  a  probe 
station,  most  of  the  samples  survived  stressing  to  10  MV/cm.  Evidently  the 
sample  mounting/bonding  process  was  responsible  for  most  of  the  observed 
differences  in  breakdown  behavior.  The  samples  used  for  these  tests  were 
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Figure  9.  Distribution  of  oxide  dielectric  breakdown 
(hard  short)  voltages  for  MOS  capacitor  samples  under 
pulsed  gate  voltage:  (a)  "weak"  oxide  samples  and 
(b)  "strong"  oxide  samples. 
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simple  MOS  capacitor  dots  consisting  only  of  the  Si  substrate  with  a  uniform 
thin  oxide  grown  upon  it  and  a  vapor-deposited  A1  electrode.  The  electrode 
contact  was  formed  by  thermocompression  bonding  the  gold  lead  wire  onto  the  A1 
directly  over  the  thin  oxide.  Apparently  certain  bonding  conditions,  while 
not  producing  directly  shorted  samples,  resulted  in  damage  to  the  oxide,  with 
subsequent  low-voltage  breakdown. 


q . 4  Improved  Test  Structures 

As  originally  envisioned,  the  F^I  test  would  typically  be  applied  by 
an  IC  manufacturer  as  a  wafer-level  check  on  the  radiation  hardness  of  his 
product  as  it  comes  off  the  process  line.  In  this  mode,  the  samples  to  be 
tested  would  probably  be  drop-in  or  on-chip  test  structures  on  a  fully  proc¬ 
essed  multimasked  wafer  rather  than  simple  capacitor  dots.  To  avoid  damage  to 
the  thin  oxide  to  be  tested,  the  F^I  test  structures  might  employ  bonding  or 
probe  pads  on  the  relatively  thick  field  oxide.  To  check  this  and  to  support 
more  recent  in-house  testing  using  the  F^I  technique,  a  simple  Al-gate  MOS 
capacitor  test  chip  using  two  mask  levels  was  designed.  Wafers  were  fabri¬ 
cated  using  this  mask  set  and  the  resulting  capacitors  showed  generally  good 
breakdown  characteristics  (fig.  10)  whether  they  were  tested  on  the  probe 
station  or  after  being  mounted  on  headers  and  wire-bonded. 
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Figure  10.  Distributions  of  oxide  dielectric  breakdown 
voltages  for  two  types  of  MOS  capacitor  samples  with  im¬ 
proved  design:  (a)  65~nm  samples  and  (b)  120-nm  samples. 
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4 . 5  Del ayed  Breakdown  (Wearout ) 


An  MOS  capacitor  sample  which  passed  the  voltage  staircase  breakdown 
test  to  10  MV/cm  could  generally  be  successfully  injected  to  moderate  electron 
fluences  (-10""*  C/cm2)  at  '9  MV/cm  (equivalent  doses  -105  radtSiOg)).  How¬ 
ever,  dielectric  breakdown  almost  invariably  occurred  in  all  types  of  samples 
before  an  electron  fluence  of  10" 2  C/cm2  at  9  MV/cm  was  reached  (-10 
Mrad(Si02)  equivalent  dose).  This  "wearout"  process  has  been  observed  by 
others  and  has  been  attributed  variously  to  an  accumulation  of  deeply  trapped 
impact-ionization-generated  holes  in  the  oxide,  or  cumulative  oxide  damage  by 
the  injected  electron  flux,  or  a  combination  of  these  [16,  13].  In  any  case, 
this  process  appears  to  place  an  upper,  but  clearly  not  stringent,  limit  on 
the  use  of  the  F4I  test. 


5.  DEVELOPMENT  OF  A  PROTOTYPE  F4 I  TEST  SYSTEM 


5 . 1  Desired  Test  System  Characteri s tics 


The  experimental  apparatus  shown  in  figure  2  was  adequate  for  the 
initial  experiments,  which  verified  the  Fowlei — Nordheim  tunneling  and  impact 
ionization  processes  in  several  types  of  MOS  capacitors  and  demonstrated  that 
results  from  application  of  the  F4l  test  correlated  with  60Co  radiation  damage 
to  these  capacitors.  However,  this  apparatus  was  not  suitable  for  routine 
testing  of  MOS  samples  for  radiation  response  prediction  or  hardness  assurance 
purposes.  A  typical  test  run  required  calculation  and  manual  setting  of 
injection  pulse  amplitude  and  "eyeball"  measurement  of  pulse  duration  with  an 
oscilloscope,  constant  monitoring  and  measurement  of  injection  current  with  an 
oscilloscope  (again  "by  eyeball")  during  the  injection  process,  hand  calcula¬ 
tion  of  total  electron  fluence,  and  manual  termination  of  the  injection  when 
the  proper  fluence  was  reached.  To  facilitate  application  of  the  F4l  test, 
the  following  features  were  considered  desirable  for  a  practical  test  system: 


(1)  accurate  (preferably  digital)  readout  of  all  important 
parameters  (injection  voltage,  pulse  duration,  injection  current); 


test 


(2)  continuous  calculation  of  total  injected  charge  and  sensing  of 
the  test  endpoint  (when  the  desired  total  charge  injection  is  reached); 


(3)  continuous  monitoring  of  test  parameters  to  detect  and  signal 
faults  (e.g.,  error  in  injection  voltage,  readings  out  of  range,  sample 
short ) ; 


(4)  prompting  of  operator  in  test  sequence,  including  calculation  of 
test  conditions  from  sample  parameters  and  desired  equivalent  dose;  and 


(5)  sufficiently  fast  operation  of  apparatus  to  allow  completion  of  a 
typical  test  cycle  within  a  few  seconds  or  minutes. 
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The  desired  system  features  clearly  require  a  "smart"  test  system, 
which  in  turn  dictates  a  system  configured  around  a  computer  or  controller. 
Two  approaches  toward  building  such  a  system  were  considered.  First,  a  test 
set  might  be  constructed  using  standard  commercial  instruments  controlled  by  a 
mini-  or  microcomputer  through  a  standard  input/output  (I/O)  interface  (RS232 
serial  or  GPIB  (IEEE  Standard  488)  parallel).  Second,  custom  test  circuits 
could  be  designed  and  interfaced  directly  with  the  microcomputer  through  its 
data  and  address  buses.  The  first  approach,  if  usable,  would  probably  be  most 
quickly  applied  and  cost-effective  for  potential  users  of  the  F4I  test,  since 
the  purchase  or  use  of  on-hand  standard  instruments  is  generally  faster  and 
less  expensive  than  in-house  construction  of  circuits  from  the  component 
level.  Unfortunately,  it  became  clear  that  the  identified  requirements  of  the 
F4I  apparatus  could  not  be  met  with  then-existing  off-the-shelf  instruments. 
Neither  a  voltage-  nor  a  current-reading  instrument  with  the  required  fast 
sample-and-hold,  readout,  and  fast  recycle  capabilities  was  available.  Also, 
a  system  based  on  either  the  RS232  or  GPIB  communications  standards  would  be 
severely  limited  in  speed  of  operation,  since  continuous  high-speed  two-way 
communications  were  required  for  monitoring  of  injection  conditions  on  each 
pulse . 

5.2.1  Hardware  Description 

The  F4 I  test  system  configuration  decided  upon  was  primarily  a 
series  of  custom-designed  and  locally  constructed  modules  or  circuits  which 
communicated  with  a  microcomputer  controller  via  direct  parallel  interfaces  to 
the  microcomputer's  data  and  address  buses.  Figure  11  shows  a  block  diagram 
of  the  prototype  F4i  test  system.  The  microcomputer ,  under  program  control 
and  with  operator  input,  sets  up  sample  injection  voltage  via  a  digital-to- 
analog  converter  (PULSE  SET  D-A)  and  commands  pulse  output  through  a  timing 
logic  circuit.  The  timing  circuit  triggers  the  pulse  generator  and,  at  a 
preset  time,  tm,  into  the  injection  pulse,  triggers  sampling  and  digitization 
of  both  the  injection  voltage  (READBACK  D-A)  and  injection  current  (I-V  AMP 
and  CURRENT  A-D).  (Refer  to  fig.  3.)  The  timing  logic  also  controls  opera¬ 
tion  of  a  circuit  which  measures  the  effective  duration  of  the  injection  pulse 
(PULSE  At  COUNTER).  MOS  sample  condition  is  measured  with  a  C-V  system  con¬ 
sisting  of  a  1 -MHz  capacitance  meter,  10-s  voltage  ramp  generator,  and  an  X-Y 
recorder . 

The  controller  chosen  (in  1980)  for  the  F4I  system  was  the  Apple 
II,  an  inexpensive  "personal"  microcomputer  employing  an  8-bit  6502  micro¬ 
processor  with  48-kilobyte  random  access  memory,  5-1 /4-in.  floppy  disk  drive 
program/  data  storage,  and  CRT/keyboard  operating  console.  This  unit  was 
chosen  for  its  low  cost,  general  availability,  and  convenient  programmability 
in  both  BASIC  and  microprocessor  assembly  languages.  (At  the  time,  the  Apple 
II  was  unique  in  these  respects.)  The  Apple  II  accepted  plugin  cards  through 
a  series  of  peripheral  connectors  which  allowed  direct  access  to  the  micro¬ 
computer's  data  and  address  buses  and  certain  control  lines.  Either  simple 
custom-built  or  inexpensive  commercial  plugin  cards  (e.g.,  Electronics  World 
EW-1100)  or  simple  parallel  input  and  output  data  latches  were  employed  to 
interface  the  Apple  II  to  the  various  test  system  modules. 


Circuit  diagrams  of  the  major  system  components  that  were  designed 
and  constructed  in-house  appear  in  figures  12  to  16.  Figure  12  shows  the 
circuit  for  the  computer-controllable  high-voltage  pulse  generator.  Pulse 
amplitude  is  preset  via  a  10-bit  word  from  the  microcomputer  which  is  latched 
into  a  digital-to-analog  (D-A)  converter.  The  2-mA  full-scale  output  current 
of  the  D-A  converter  is  converted  to  a  10-V  full-scale  voltage  signal  which  in 
turn  is  applied  to  a  high-voltage  amplifier  module  ( ADI  7 1 J )  connected  for  a 
gain  of  15.  The  output  of  this  unit  is  a  computer-controlled  dc  level  from  0 
to  150  V  that  serves  as  the  positive  supply  voltage  for  the  pulse  output 
circuit.  This  output  circuit  consists  of  another  ADI  71  module  driven  in  a 
gain-of-33  configuration  by  the  output  of  a  fast  electronic  switch.  In  the 
quiescent  state,  the  amplifier  input  is  connected  to  a  manually  adjustable  dc 
bias  source  (BACKGROUND  DC  BIAS).  When  a  pulse  trigger  is  received  from  the 


microcomputer  (PULSE  TRIG),  a  pulse  with  duration  set  by  the  WIDTH  RANGE  and 
WIDTH  VERNIER  controls  switches  the  ADI  71  input  to  +  5  V,  overdriving  it  and 
causing  output  of  a  flat-topped  voltage  pulse  with  amplitude  determined  by  its 
positive  supply  voltage  (i.e.,  the  output  of  the  D-A  circuit).  The  pulse 
trigger  circuit  also  generates  a  delayed  logic  signal  (CNVT)  that  determines 
the  sampling  time,  tm,  for  measuring  the  pulse  amplitude  and  injection 
current . 

In  order  to  accurately  calculate  the  total  injected  charge  and  its 
equivalent  dose,  the  high-voltage  pulse  amplitude  and  its  duration  and  the 
injected  current  must  be  accurately  measured.  Figure  13  shows  the  circuit  for 
the  analog-to-digital  (A-D)  converter  that  is  used  to  read  back  the  amplitude 
of  the  high-voltage  injection  pulses.  After  15:1  attenuation,  the  pulse 
signal  is  captured  by  a  fast  sample-and-hold  module  and  its  amplitude  con¬ 
verted  to  a  10-bit  binary  word  upon  receipt  of  a  CNVT  signal. 

The  duration  of  the  high-voltage  pulses  is  measured  and  digitized 
by  the  circuit  shown  in  figure  14.  Since  the  voltage  pulse  has  significant 
risetime  and  the  injection  current  and  impact  ionization  is  primarily  sensi¬ 
tive  to  the  maximum  applied  field,  the  effective  duration  of  the  high-voltage 
pulse  is  the  time  at  maximum  amplitude.  Since  the  voltage  pulse  is  essential¬ 
ly  trapezoidal,  this  is  the  time  between  the  end  of  the  positive  dV/dt  on  the 
leading  edge  of  the  pulse  and  the  beginning  of  negative  dV/dt  on  the  trailing 
edge.  This  time  is  sensed  by  the  differentiator,  amplifier,  and  logic  circui¬ 
try  in  the  figure  which  produces  an  equivalent-duration  HV  PULSE  LENGTH  GATE 
pulse.  The  duration  of  this  pulse  determines  how  many  cycles  of  the  7.159-MHz 
Apple  clock  signal  are  gated  into  the  series  string  of  74193  counters.  The 
resulting  count,  which  is  proportional  to  the  high-voltage  pulse  duration  at 
maximum  amplitude,  is  applied  to  the  Apple  interface  as  a  12-bit  binary  word. 

The  injected  current  through  the  MOS  capacitor  is  converted  to  a 
voltage  signal  by  a  fast  operational  amplifier  and  is  applied  to  the  input 
(A-D  IN)  of  the  circuit  shown  in  figure  15.  This  circuit  scales  the  input 
signal  and  applies  it  to  a  sample-and-hold  amplifier  and  10-bit  A-D  converter. 

The  various  digital  signals  from  the  circuits  just  described  are 
connected  to  the  Apple  II  controller  through  all-purpose  interface  cards  with 
the  circuit  shown  in  figure  16.  This  circuit  consists  of  an  8255  programmable 
interface  adapter  integrated  circuit  and  associated  timing  and  logic  circuitry 
mounted  on  a  circuit  board  that  plugs  into  the  expansion  slot  connectors  on 
the  Apple  II.  The  8255  is  software-configurable  to  function  as  an  input  or 
output  port.  As  most  generally  used  here,  it  is  configured  as  two  12-bit 
ports . 
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5.2.2  Software  Description 

The  software  for  the  Apple  II  microcomputer  to  run  the  F^I  tests 
was  written  primarily  in  the  Applesoft  language,  a  variant  of  floating-point 
BASIC  that  is  supplied  with  the  computer.  As  an  intepreted  language,  Apple¬ 
soft  BASIC  executes  fairly  slowly;  however,  this  disadvantage  was  offset,  for 
our  purposes,  by  ease  of  programming  and  program  debugging  and  instant  avail¬ 
ability  of  the  language  from  read-only  memory.  Problems  with  slow  execution 
speed  were  solved  by  writing  utility  routines  in  6502  microprocessor  assembly 
language  for  operations  that  require  fast,  repetitive  execution  or  hardware 
manipulation.  These  routines  were  called  as  necessary  from  the  main  BASIC 
program. 

The  F^I  controller  program  supports  the  following  operations: 

(1)  set  up  and  calibrate  the  test  systems; 

(2)  check  MOS  capacitor  sample  for  dielectric  breakdown; 

(3)  measure,  store,  and  plot  the  Fowler-Nordheim  (F-N)  injection 
characteristics  of  a  sample; 

(M)  calculate  the  oxide  thickness  of  a  sample  from  its  F-N  char¬ 
acteristics; 

(5)  calculate  the  approximate  injected  charge  needed  at  a  particu¬ 
lar  field  on  a  sample  to  simulate  a  desired  radiation  dose;  and 

(6)  set  up  and  run  an  injection  test  sequence  to  the  desired  in¬ 
jected  charge  fluence. 

Listings  of  the  main  program,  F4l  TEST. BAS,  and  its  assembly  lan¬ 
guage  utility  routine,  ZAP.COM,  appear  in  appendix  A,  along  with  a  summary  of 
the  main  program  functional  blocks  by  statement  numbers. 

5.3  Operation  of  Prototype  System 

To  illustrate  the  features  of  the  prototype  F^I  test  system  and  its 
operation,  a  typical  test  sequence  is  described  here. 

With  the  equipment  configured  as  shown  in  figure  11,  the  apparatus  is 
turned  on  and  allowed  to  warm  up  (the  current  amplifiers,  in  particular,  are 
subject  to  some  thermal  drift).  The  MOS  capacitor  sample  to  be  measured  is 
positioned  on  the  wafer  probing  station,  and  a  preliminary  C-V  curve  is  run  to 
verify  sample  integrity  and  proper  electrical  contact.  The  microcomputer  is 
turned  on,  the  disk  operating  system  (DOS  3.3)  is  booted,  and  F^I  TEST. BAS  is 
run  (cold  start).  The  program  will  ask  whether  previous  system  calibration 
constants,  which  are  stored  in  a  disk  file,  are  to  be  read  in  (usually, 
"yes").  From  the  main  menu,  the  options  available  are  (1)  VOLTAGE  RAMP  (for 
sample  breakdown  check  and  to  generate  F-N  data  on  a  sample),  (2)  SAMPLE 
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INJECTION  (to  do  radiation  simulation),  (3)  PARAMETERS  (to  read  in  MOS  capaci¬ 
tor  data  in  preparation  for  Fowler-Nordheim  check  or  radiation  simulation), 
(*0  F-N  PLOT  (to  run  a  Fowler-Nordheim  characterization  on  a  sample),  (5)  ZERO 
CHECK  (to  set  up  zero  offset  on  the  current  amplifier),  and  (6)  CALIBRATION 
(to  measure  and  record  scale  factors  for  the  current  amplifier). 


Normally  a  ZERO  CHECK  is  performed  first  to  insure  that  the  current 
amplifier  is  properly  balanced.  This  routine  asks  the  operator  to  select  a 
current  range  and  then  repetitively  triggers  the  system  at  zero  injection 
pulse  amplitude  and  displays  the  sampled  current  to  allow  the  operator  to 
adjust  the  current  ampl if ier/A-D  converter  for  zero  indicated  current.  This 
routine  may  also  be  used  to  check  voltage  pulse  duration  and  amplitude  and  A-D 
converter  timing  (CNVT  pulse)  using  an  oscilloscope  triggered  by  the  SYNC 
pulse.  If  the  CALIBRATION  option  is  now  invoked,  the  operator  may  calibrate 
any  or  all  of  the  current  amplifier  ranges  by  applying  known  currents  from  a 
calibrated  current  source  to  the  input. 


With  the  equipment  properly  zeroed  and  calibrated,  the  PARAMETERS 
option  is  invoked  and  the  MOS  sample  capacitance  and  dimensions  are  input  to 
obtain  the  oxide  thickness  and  provide  the  necessary  information  to  calculate 
the  needed  injection  current  per  unit  area  through  the  oxide.  The  sample  may 
be  checked  for  premature  breakdown  or  Fowlei — Nordheim  injection  characteris¬ 
tics  by  invoking  the  VOLTAGE  RAMP  option.  This  procedure  applies  a  series  of 
voltage  pulses  to  the  sample,  starting  at  a  desired  level  and  increasing  by  a 
specified  increment  to  a  specified  maximum  voltage.  The  injection  voltage  and 
current  are  read  at  each  pulse  and  their  values  stored  in  an  array  (Vi,  1^). 
If  the  injection  current  exceeds  a  preset  maximum,  the  pulse  sequence  is 
aborted  and  a  message  displayed.  If  the  voltage  ramp  sequence  is  completed 
successfully,  the  ( V  ^ ,  1^ )  array  may  be  saved  in  a  disk  file.  The  Fowler- 
Nordheim  injection  characteristic  of  the  capacitor  may  then  be  examined  by 
invoking  the  F-N  PLOT  option  from  the  main  menu.  An  option  (PLOT)  from  a  sub¬ 
menu  then  allows  the  operator  to  display  the  existing  ( V<  ,  1^)  array  on  a 
Fowler-Nordheim  plot.  In  the  process,  the  Fowler-Nordheim  injection  param¬ 
eters  for  this  capacitor  sample  are  calculated.  Other  options  provide  for 


saving  the  displayed  plot  to  disk  (SAVE  PLOT),  calling  another  (V,,  Ij)  data 
set  to  be  plotted  (DATA  FILE),  or  determining  the  oxide  thickness  (FIT  FOR  L) 


from  the  Fowler-Nordheim  characteristic  by  assuming  standard  values  of  the 
injection  parameters  (see  sect.  3-3).  An  example  of  a  Fowler-Nordheim  plot 
display  appears  in  figure  17. 


To  carry  out  an  injection  sequence  (radiation  simulation  experiment), 
the  operator  would  now  select  the  SAMPLE  INJECTION  option  from  the  main  menu. 
After  verifying  the  sample  parameters,  the  computer  asks  for  the  desired 
current  amplifier  scale  and  injection  field.  It  then  calculates  the  required 
injection  voltage  and,  from  the  Fowler-Nordheim  parameters,  the  expected 
injection  current  and  charge  needed  to  produce  holes  equivalent  to  a  1- 
kradtSiC^)  dose.  Based  on  this  information,  the  operator  would  then  select  a 
charge  increment  for  the  run.  The  rate  at  which  pulses  are  delivered  may  be 
varied  from  about  1  to  500  Hz  by  specifying  the  length  of  two  control  loops 
(INNER  and  0UTER--see  the  program  listing,  app  A).  Upon  command,  the  system 
then  applies  injection  pulses  to  the  sample.  For  each  pulse  the  injection 
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Figure  17.  Typical  Fowlei — Nordheim  plot  generated 
by  F4I  test  system  for  an  MOS  capacitor  sample. 


current  is  measured  and,  if  below  the  specified  maximum  value,  recorded.  The 
injection  pulse  amplitude  and  duration  are  measured  upon  each  completion  of 
the  inner  control  loop,  and  a  running  total  for  the  injected  charge  is 
calculated.  Present  status  of  the  injection  sequence  (pulse  voltage  and 
duration,  current,  total  charge)  is  displayed  upon  each  completion  of  the 
outer  control  loop.  When  the  total  injected  charge  reaches  the  desired  level, 
the  injection  sequence  stops.  The  operator  may  then  switch  the  sample  to  the 
C-V  apparatus  to  observe  the  effect  of  the  injection.  Injection  may  be 
resumed  under  the  same  conditions  by  switching  back  to  the  F^I  apparatus  and 
specifying  a  new  total  charge  level.  In  a  typical  case,  injection  of  a  sample 
to  the  equivalent  of  1  krad(SiOp)  takes  only  seconds;  injection  to  the 
equivalent  of  1  MradCSiC^)  requires  a  f ew  minutes.  The  apparatus  can  function 
unattended  for  the  longer  injection  sequences. 

6.  TEST  RESULTS  USING  PROTOTYPE  SYSTEM 

In  this  section,  sample  results  are  presented  from  injection  test  runs 
performed  on  several  different  types  of  MOS  capacitor  samples  to  illustrate 
the  use  of  the  prototype  F^I  system  and  to  indicate  some  of  the  variety  of 
effects  that  can  be  obtained  through  its  use. 

Figure  18  shows  C-V  curves  for  a  dry-process  90-nm  oxide  sample  with  an 
aluminum  gate  electrode  before  and  after  injection  to  various  electron 
fluences  at  9  MV/cm.  The  background  electric  field  between  injection  pulses 
was  maintained  at  4  MV/cm  (gate  positive).  The  numbers  in  parentheses  after 
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Figure  18.  Capacitance-voltage  characteristics  for  a 
radiation-soft  90-nm  dry  process  oxide  sample  with 
A1  gate  before  and  after  F4I  injection  to  various 
electron  fluences  at  9  MV/cm.  Numbers  in 
parentheses  are  approximate  equivalent  ionizing 
radiation  dose  in  krad(Si02). 


each  fluence  correspond  to  the  calculated  equivalent  60Co  ionizing  radiation 
dose  in  krad(S102).  Also  indicated  in  the  figure  are  the  values  of  C/C0  that 
correspond  to  the  silicon  surface  potential  being  at  midgap  (C  =  C  )  and 


flatband  (C  =  C^b).  Flatband  surface  potential  in  n-type  silicon  corresponds 


approximately  to  the  threshold  voltage  in  an  equivalent  n-channel  MOS  transis¬ 
tor.  At  midgap  surface  potential,  the  interface  states  are  generally  thought 
to  be  uncharged;  hence,  midgap  voltage  shifts  are  attributed  to  oxide  charge 
trapping  alone.  The  difference  between  the  midgap  and  flatband  voltage  shifts 
is  a  measure  of  the  contribution  of  charge  on  interface  states  to  the  flatband 
voltage  shift  [17].  In  the  present  case,  the  flatband  shifts  are  consistently 
negative  and  fairly  large,  indicating  that  the  ionizing  radiation  response  of 
the  equivalent  MOS  transistor  would  be  dominated  by  trapping  of  the  radiation¬ 
generated  holes.  The  curves  also  show  some  evidence  of  interface-state  build¬ 
up  (Increasing  distortion)  with  injection  fluence.  However,  the  flatband  and 


midgap  shifts  are  almost  the  same,  which  indicates  again  that  the  interface 


states  are  not  contributing  significant  (negative' 
shift  in  comparison  to  the  trapped  hole  component. 


charge  to  the  flatband 
This  oxide  has  not  under¬ 


gone  any  special  processing  to  reduce  hole  trapping  (radiation  hardening)  and 


is  typical  of  standard  commercial  MOS  materia]  (ca  1977).  Based  on  the  ob¬ 
served  F4I  shift,  a  device  employing  this  oxide  would  probably  fail  under 
irradiation  at  a  dose  between  10  and  50  krad(SiOo). 


Figure  19  shows  pre-  and  post-injection  C-V  curves  for  a  66-nm  oxide  with 
a  polysilicon  gate  electrode.  This  oxide  has  undergone  special  processing  to 
reduce  hole  trapping  (radiation  hardening).  This  sample  was  injected  to  much 
higher  fluences  (by  about  a  factor  of  20)  than  for  the  previous  case.  Note 
that  the  flatband  voltage  first  undergoes  a  small  negative  shift  (to  528 
yC/cm2)  and  then  moves  positive.  Meanwhile,  the  midgap  voltage  moves  rapidly 
negative  and  offscale.  Other  curves  indicate  that  the  midgap  voltage  shifts 
monotonically  negative  with  injection  fiuence.  The  C-V  curves  show  severe 
distortion  with  increasing  injection.  In  this  case,  a  moderate  buildup  of 
trapped  holes  (positive  charge  produces  negative  voltage  shift)  is  being 
compensated  by  a  substantial  buildup  of  interface  states  (negative  charge  at 
flatband  produces  positive  voltage  shift  at  flatband).  The  result  is  that 
this  oxide  would  show  very  little  flatband  voltage  shift  under  irradiation, 
and  the  equivalent  MOSFET  would  show  very  little  threshold  voltage  shift. 
Unfortunately,  the  large  buildup  of  interface  states  would  probably  substan¬ 
tially  reduce  the  transconductance  of  the  MOSFET. 


Figure  19.  Capacitance-voltage  characteristics  for  a 
radiation-hardened  66-nm  oxide  with  a  polysilicon  gate 
before  and  after  F^I  injection  at  9.5  MV/cm. 
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By  virtue  of  the  ability  to  vary  the  background  (dc)  bias  on  a  sample 
independently  of  the  injection  pulse  amplitude  during  an  F^I  test,  the  F4 1 
test  allows  variation  of  the  relative  magnitudes  of  the  hole  trapping  and 
interface-state  buildup  effects  in  an  oxide.  Figures  20  and  21  show  C-V 
curves  for  radiation-hardened  80-nm  oxide,  polysilicon-gate  MOS  samples  in¬ 
jected  in  identical  sequences  with  9-MV/cm  pulses.  The  first  sample  (fig.  20) 
was  injected  with  a  positive  1-MV/cm  background  field;  the  second  (fig.  21) 
was  injected  with  a  negative  1-MV/cm  background.  Both  samples  show  small 
flatband  voltage  shifts  to  moderately  high  electron  fluences  (about  1 
Mrad(Si02)  equivalent).  Both  samples  also  show  essentially  identical  negative 
midgap  voltage  shifts  (with  the  exception  of  some  offset  at  the  lower 
fluences),  indicating  nearly  equal  hole  trapping.  However,  substantial  dif¬ 
ferences  exist  in  the  details  of  the  flatband  voltage  shifts  and  in  the  amount 
of  distortion  that  builds  into  the  C-V  curves  at  higher  fluences.  The  1-MV/cm 
dc  bias  case  (fig.  20)  shows  more  distortion  as  well  as  less  -egative  flatband 
voltage  shift  at  lower  fluences  and  a  "turnaround"  (the  flatband  voltage 
starts  to  shift  in  the  positive  direction)  above  315  uC/cm2  •  These  differ¬ 
ences  are  largely  attributable  to  a  difference  in  the  magnitudes  of  interface- 
state  buildup  in  the  two  samples:  the  sample  injected  with  positive  back¬ 
ground  bias  shows  the  greater  interface-state  buildup.  This  result  is  in 
accord  with  observations  that  interface-state  buildup  is  enhanced  in  oxides 
irradiated  under  positive  bias  and  is  reduced  under  zero  or  negative  bias 
[18]. 

The  differences  in  the  flatband  voltage  shifts  between  the  two  cases  are 
also  shown  in  figure  22,  which  is  a  plot  of  the  shifts  as  a  function  of  in¬ 
jected  charge.  (In  this  case,  the  injected  charge  scale  (uC/cm2)  is  roughly 
equivalent  to  60Co  dose  (krad(Si02) . )  The  negative  flatband  shift  is  slightly 
greater  for  the  sample  under  positive  bias  at  fluences  below  about  50  qC/cm2; 
at  higher  fluences,  the  negative  shift  is  greater  in  the  negative-bias  sample. 
These  results  can  be  interpreted  as  indicating  that  hole  trapping  effects 
dominate  at  low  fluences  (positive  bias  encourages  movement  to  the  Si02/Si 
interface  of  those  holes  still  in  the  oxide  bulk  after  an  injection  pulse,  as 
well  as  the  buildup  of  interface  states),  and  interface-state  buildup  domin¬ 
ates  at  higher  fluences.  Similar  effects  are  commonly  observed  in  MOS  devices 
under  irradiation.  In  particular,  the  "turnaround"  shown  in  the  figure  is  a 
typical  feature  of  the  radiation  response  of  the  threshold  voltage  of  n- 
channel  MOSFET's. 
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MOnC/cm*  Figure  20.  Capacitance- 
voltage  characteristics 
for  a  radiation-hardened 
80-nm  oxide  with  a  poly¬ 
silicon  gate  before  and 
after  F9I  injection  at 
9  MV/cm  with  a  positive 
1-MV/cm  background  field. 
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Figure  21 .  Capacitance- 
voltage  characteristics 
for  a  radiat ion-hardened  o 
80-nm  oxide  with  a 
polysilicon  gate  before 
and  after  F9I  injection 
at  9  MV/cm  with  a  -1 
MV/cm  background  field. 
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Figure  22.  Flatband  voltage  shifts  produced  by 
F^I  injection  in  radiation-hardened  80-nm 
oxide  samples  as  a  function  of  injected 
electron  fluence  at  9  MV/cm  as  extracted  from 
data  in  figures  20  and  21 .  Circles  are  data 
points  for  sample  injected  with  +1  MV/cm 
background  field;  squares  are  for  sample 
injected  with  -1  MV/cm  background  field. 


7.  CONCLUSIONS 


The  theory,  development,  and  operation  of  a  prototype  system  for  elec¬ 
trically  measuring  the  radiation  hardness  of  the  most  (total  dose)  radiation- 
sensitive  regions  of  MOS  integrated  circui ts--the  silicon  dioxide  layers--have 
been  described. 


The  technique  employed  in  the  system  is  the  injection  (by  tunneling)  of 
electrons  into  the  oxide  layer  to  be  characterized  by  application  of  a  pulsed 
high  electric  field  across  the  oxide.  The  injected  electrons  then  produce 
electron/hole  pairs  in  the  oxide  by  impact  ionization;  the  holes  thus  gener¬ 
ated  then  produce  effects  equivalent  to  that  of  exposure  of  the  oxide  to 
ionizing  radiation.  Thus  the  acronym,  F9l,  for  the  techniaue:  field-induced 
injection  and  impact  ionization. 


The  prototype  F9I  test  system  is  microcomputer-based  and  provides  for 
semiautomatic  setup  and  execution  of  the  injection  test  on  MOS  capacitor 
samples.  Documentation  of  the  more  important  test  circuits,  microcomputer 
operating  programs,  and  operating  procedures  is  contained  in  this  report. 
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Dielectric  (oxide)  breakdown  in  the  capacitor  samples— a  potentially 
serious  problem  for  reliably  executing  the  F4I  test  was  investigated,  and 
sample  configurations  that  avoid  oxide  damage  were  identified. 

Examples  were  given  of  application  of  the  F4I  test  to  a  variety  of  MOS 
samples  with  varying  radiation  hardness  and  processing  history.  Both  hole 
trapping  and  interface-state  buildup  effects  were  produced  in  these  samples  by 
the  test.  Measurements  of  the  radiation  hardness  of  the  samples  as  typified 
by  the  flatband  voltage  shifts  correlated  well  with  flatband  voltage  shift 
measurements  performed  in  a  conventional  60Co  ionizing  radiation  test  source. 

In  addition  to  its  possible  use  as  a  radiation  hardness  assurance  test, 
the  F4l  test  and  system  showed  promise  as  a  technique  and  tool  for  investigat¬ 
ing  the  mechanisms  for  radiation  damage  in  MOS  structures  [compare  ref.  17]. 
In  particular,  the  technique  allows  for  greater  separation  and  control  of  the 
processes  of  hole  trapping  and  interface-state  generation  than  is  normally 
possible  in  conventional  ionizing  radiation  experiments. 
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This  appendix  contains  listings  of  the  BASIC  language  and  Apple  II  6502 
microprocessor  assembly  language  programs  written  to  control  the  prototype  F4 I 
measurement  system.  Major  features  or  functions  of  the  BASIC  main  control 
program  are  outlined  in  table  A-1  by  statement  number.  The  full  BASIC  program 
listing  appears  in  listing  A-1.  Finally,  the  6502  machine-language  utility 
subroutines  that  enable  the  microcomputer  to  communicate  with  the  F4i  injec¬ 
tion  apparatus  are  listed  in  annotated  assembler  format  in  listing  A-2. 

TABLE  A-1.  F4I  TEST. BAS 
FUNCTIONAL  OUTLINE 


Statement  No. 


Function 


Initialization. 

Cold  start:  load  ZAP.COM  and 
relocate  BASIC  program. 


90-100 


Function  definition;  calibration  constants. 


102-105 


Main  menu. 


300-310 


Fowler-Nordheim  plot  menu. 


402-410 


Switch  current  range  on  overload. 


500-600 


Set  current  amplifier  offset. 


650-675 


Save  F-N  plot  to  disk. 


700-830 


Run  voltage  ramp. 


1000-1010 


Set  pulse  duration  offset 


1030-1050 


Set  current  amplifier  range. 


1 100-2000 


Do  injection  sequence. 


3000-3320 


Get  oxide  thickness  from  P-N  fit. 


7000-7050 


Save  (Vj,  Ij)  array  to  disk. 


7055-71 20 


Read  (Vj,  Ij)  array  from  disk. 


Display  injected  charge. 

Read  and  display  pulse  amplitude, 
duration,  and  injected  current. 
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TABLE  A-1 •  F4l  TEST. BAS 
FUNCTIONAL  OUTLINE  (cont'd) 

Statement  No.  Function 

8000-8300  Do  F-N  plot  and  least-squares  fit 

with  (Vj,  Ij)  array. 

8400  Sound  bell  and  display  warning  when 

current  limit  exceeded. 

8500-8510  Output  HV  pulse,  read  and  display 

amplitude,  duration,  and  injected 
current . 

8900-9025  Get  voltage  offset  for  HV  pulse. 

9040-9120  Input/calculate  sample  parameters. 

9150-9160  Set  maximum  injection  current  limit. 

9200-9280  Set  current  amplifier  zero. 

9300-9395  Get  current  amplifier  calibration 

scale  factors  and  save  to  disk. 

9400-9420  Read  current  amplifier  scale  factors 

from  disk. 

9500  Time  delay  loop. 

9600-9610  Display  switch  check  reminder  and  wait 

for  key. 

9630-9660  Set  current  amplifier  scale. 


9700 


Display  "CHANGE?";  get  key. 


CO 

<c 

CD 

00 

CxJ 

E— 


I 

«* 


bO 

c 


co  a 
o  cm 
o 


uj 

»  ..  • 

w  <n  < 


Q  ^  — 


3  ..  C 


O  <M 
o 

•—  tl 


Cj  2 ' 


I  X  ->••*- 

n<>  »•  *3) 

CO  O  '“'OH 

O  P~ 

'*  O  nj  u 


to  u 

uj  .. 
i-  o 

»-«  h 


o  = 
O  O 
V*  O 

x  o 


Q  CO 

m  ui 

r  x 

o  •< 

o 

•<  U. 
rsi  O 

Q  < 

S3 


<m  : 

O 


O  I-  Z 

a  z  ^ 


ui  : 


X  •-*  —  » 


X  *-*  M  ^ 


IZuS, 

'■*,28 
\  as  o 
•  x  o  •• 

»  cj  in  o 


APPENDIX  A 


-  3 


1 

u. 


1 S  3 


^  M  I 

a 

—  (3  /\ 


e 

3 


•  oO 


H 

CM 

'*'*  O 
CM  lT>  •• 
’  —  X 
A.  UJ 
I  A  X 

.  ~3 


n  -O  X 

=r  •—  a 
,  CM  w  X 
—  •» 
X  _1 
■  X  UJ 
1  UJ  UJ  O 


I  as  X 
3=  O 
‘  °  ^ 
'  <M  p-  r 


<M 

2 

O 


to  u 

D  UJ  (/)  O  ’ 
O  ►-!  w 


tr>  x  co 
x  o  o  =5 
X  in  as 
*•  co  Cl,  t 
'O  U>  II 
C7S  (M  CO 
«  O  f-  X  • 
C\|  rO  Z  X  - 

rg  h*  M 


_i  o 
a.  o 
X  m 
<  C7> 


CO 

as  cm 
UI  o 
h  r— 
UI  * 

X  o 
X  o 

as  O 


X 

H1 

O 


co 

UJ 


CJ 
'  x 

iS 
1  2 


CO  'O 

3  . 


H-*  U.  — 


2  ^  c 


^  ••  2  (M 


S  CJ  •“» 


c  ••  o'  —  : 


as  u,  =  —  — 


.  •-«  —  o»^'^t,-cA=r 


•n  -o  — 

3T  f— 

CM  w  *♦ 
i  — >  as 

l  X  X 
^  UI  u 
I  ul  UI 

ui  a.  c 


~3! 


X  II  -*  X 

2  — »  <  ^ 
X  o  o 


>  x  o 

>  cc  in 

i  o  CM 
■  uj  as  o 
o  - 
*c  o 
(-  o  o 

-J  *-  fr- 

2r".8 

S  O 

o  •• 

f—  C~-  *“* 

3  o 
a.  a  w 
I  Z  3 
'  h  r/)  a; 

i-83 


Z  O  I 

as  ♦— 
X 

(-*  I  < 


i  uj  3  : 


z  x  X  os  :»  »- 


UJ  C_)  =3  =>  = 


X  CO  O 

■■-a. 


aj  x 

I-  O  .. 

Z  CO  o 

n  o 


i  o  o  o 
,  m  —  <m  a. 
:  cm  uj 

I  O'  A  O'  H* 


Z  3  O  3  X 

w  to  o  > 

:i53N30 


«3 


O  P- 
O  X 
O  UI 
CM  Z 


•  in  o 
i-^o  — 
z  •"  r-  « 

■  OE  ^  O  O  C 
a.  d.  I-  P- 

..533; 


s  s: 


'~'3 


3  O  O  X 


w  I  Q  O 


•  3  =  —  h-  = 


.•—zoo. 
-1  o  ■ 

O  O  : 


••  1®  O 


U  H  H  (_ 


o  a  jt  z  •-»  ix 

X  Q  —  «-• 

X 

m  JT  tn  O  O  p^  : 


W  z  o 

►X  H. 

u.  ce  o 
m  a.  a 


x  u.  a.  < 
O  uj  z  ui  I 
a.  Q  h  to 


i  O  • 

H 

;3i^ 


O  O 
3  < 
•»  CO  I 


:  H  H  X  ro 


I—  «♦  23  >  X  >  as 


I  H  H  h  (O  X  H 


V)  z 

32 


U  t 


^  3  3 


■ —  »—  —  m  m  rn  ; 


in  o  o 
i  O  •“  iT» 
i  ,n  io  in 


o  o  o 
o  n  o 
a  o  o 


0^0 
r-  o 

O  <3  f- 


nono'-a-oou-in 


o  n 

O'  CTv 
C 


0  0  0  3 


o  on  o  —  —  •— 


z  i»  o 
zoo 

a.  z  O 


o  o  o 
O  o  o 


U7 


w  ■>;/ 


b 

..i 


vj 

vi 


k>, 


■C. 

■  I 


i 

S\sl 


P 


L*.v>-r_--rU 


APPENDIX  A 


:  *  a.  i—  5/j  t 

X  Q  I—  ■ 

II  _J  II  >< 

u.  a.  uj  t 

,  a.  *-«  3:  z  z  • 


i  -,r>  <  •  « 

'  0*2 

O  — 


,00001 
lOOO—1 
I  ^  vT*  lO 
I  B  fl  «  O 


iH-f—Oasf- 

>  O  Z  O  O  Z 

A-  H  '/I  h  H 

z  e  n  w  x 

h  a.  j  t  1 

OOOOO 
O  O  —  AJ  -T\ 

o  —  —  —  — 

!  U'  <T-  O'  <7*  ij' 


APPENDIX  A 


•o 


c 

o 

a 


C/L 

C 

CD 

£~- 

u. 

CxJ 

6— 


^r 

Ul. 


W) 

c 


-j 


o 

I 

UJ 


A 

I 


o 

<1 

f»J 


./>  o  o  o  o 

Ii>  O  Q  -  !M 

-  r\j  ry  ry 

O'  O'  '7'  ^  O' 


S3 


3§ 

Z3  -O 
CL  O' 

33 


*  3 


a.  a 

Z  o 
-*  o 


co  : 


»-  o 
x 

UJ  A 


iT>  O 

* 
Q  < 


«*  ♦  rsj 

x  • 

cO  CO 


~w3 

•  ••3 


O  < 

f-  a*  tu 

ON  w  Uj 

33  as  2 
=>  CO 


*2 
.  r*‘  3 
3  .. 


•  -»  *-«  — 


rsj  uj 
*-«  — 

a.  s 


UJ  3  * 

-I  •• 

<  73 

u  ax  i 
7i  r>  uj  ; 

U.  7)  **  < 


’JO--'. 
X  O  -  0 
—  71  . 


-•3! 

X  V)  3 

O  :>  a-  - 


hHTIH 


73  * 

522 
2  .. .. 

*  .0 


'•  >-  h  u  71  tu 


XIV1H 


7J  H  CM  0 

=>  71  X  ; 

a.  =»  <  c 
i  s  X  i 


a  <  i 
-•  u  . 
v  s  r  ( 


•3s- 

!3t‘c 


UJ  -J  ; 
_J  •% 
•<  *  • 

O  ■— 
73  t_»  C 
U.  73  l 
U.  *  : 
O 


:  n 

i  * 

*-<  u:  ( 


x  a:  ^ 
f\i  o  — 
u.  e 


J  J  : 
«c  «c 

o  o  o  | 


.81" 


a  a: 
=>  O 
71  H* 

3  5 


z  7^  : 

■  uj  » 
XI. 


z  •—  x  : 

x  u.  ••  i 


i  u  «  y  ■ 
z  a. 
UJ  ~  -J 


ia3g. 

•  t_)  < 


<  •*  •- u 

•  VI  X  <4 
r  X  O  ■ 


a  2 


o  ""  -« 


>  o 

•  X 

3 


a  -  a35 


a  3  ; 


75  L-  — 


h*  e- 

Z  Z  UJ 

— •  •-*  z 


H  O  ^-<  > 
z 

>-1  «l  >1 
Z  ( 

Q.  O  O  ■ 


a  h-  o  -u 

X  3  1 

71  O. 


3Z  O  U.  —  Z 

M  J  O.  «  U  «H  >*  i 


Z  Z 

x  r. 

a.  x 


X3  Z 

a.  »-•  z 

*  "3 


.  z  a  z  i 

Z  =3  =>  3 

-  h  71  H  • 


■  a.  a.  l  m  i. 


3  ■ 


z  a.  c.j  a.  x 


O  O  7N  -O  O  3  - 

^  r  a  s  t 

Al  OJ  (M  i\  Oj  f 
^  7  O'  7  3>  7  ^ 


i  3  O  7N  O 
-  Oj  rj  -n 
»  <*o  i-»-»  -a  «n 
'  O'  O'  O'  O' 


'-T'O.T'O^OOO 
a  —  oj  o  ~  ~  — 


3  a  T'  O  o  o 


-T>  o  o  o 


O'ONO'O'O'O'O'O'O'O'. 


T^^T-^Tv/N-OOOOOOOl 


50 


■  •  us-  *  -  • 


,'■  .’• 
.■/.'..N’.N.V.-'.V.--' 


v  * *%  •  . 


>  .*«  ^  :■  .n 


.  ..  ^  .\-.v,\-.\-\v.\-.v.v.VV.V  V  V  S." 


«.■  v  v 


APPENDIX  A 


Listing  A-2.  Annotated  ZAP.COM  Assembly  Language  Utility  Routines 

for  F4I  TEST. BAS 


Entry  routine  (branch  to  desired  utility): 


6000- 

20 

OC 

El  JSR 

$E1  OC 

USR  (A) 

6003- 

A5 

AO 

LDA 

$AO 

A  >  0: 

Set  HV  to  A 

6005- 

C9 

FF 

CMP 

#$FF 

A  =  -1  : 

Initialize 

6007- 

DO 

2A 

BNE 

$6033 

A  =  -2: 

Read  I 

6009- 

A5 

A1 

LDA 

$A1 

A  =  -3: 

Read  HV  pulse 

600B- 

C9 

FF 

CMP 

#$  FF 

A  =  -4: 

Read  HV  pulse  duration 

600D- 

F0 

OB 

BEQ 

$601  A 

600F- 

C9 

FE 

CMP 

#$FE 

601 1  - 

F0 

43 

BEQ 

$6056 

601  3- 

C9 

FD 

CMP 

#$FD 

6015- 

FO 

2E 

BEQ 

$6045 

6017- 

DO 

70 

BNE 

$6089 

Initialize 

interface  cards  (PIAs): 

601  A- 

A9 

BF 

LDA 

#$BE 

601  C- 

8D 

03 

C4  STA 

$C403 

601  F- 

8D 

03 

C2  STA 

$C203 

6022- 

29 

00 

AND 

#$00 

6024- 

8D 

D1 

CO  STA 

$COD1 

6027- 

8D 

D2 

CO  STA 

$C0D2 

602A- 

8D 

D5 

CO  STA 

$C0D5 

602D- 

A9 

01 

LDA 

#$01 

602F- 

8D 

D4 

CO  STA 

$C0D4 

6032-  60  RTS 

Set  HV  pulse  amplitude: 


6033- 

A5 

A1 

LDA 

$  A1 

6035- 

2  A 

ROL 

6036- 

8D 

D2 

CO  STA 

$C0D2 

6039- 

A5 

AO 

LDA 

$A0 

603B- 

2A 

ROL 

603C- 

8D 

D1 

CO  STA 

$C0D1 

603F- 

60 

RTS 

Read  HV 

pulse 

ampl i tude : 

6045- 

6E 

00 

C4  ROR 

$C400 

6048- 

AD 

01 

C4  LDA 

$C401 

604B- 

6  A 

ROR 

604C- 

A8 

TAY 

604D- 

AD 

00 

C4  LDA 

$C400 

6050- 

6A 

ROR 

6051- 

29 

7F 

AND 

#$7F 

6053- 

4  C 

F2 

E2  JMP 

$E2F2 

Store  voltage  set 

in  EW1100  board  latches 
(slot  5). 


Shift  values  in  $C400  (Hi  Byte)  and 
$C401  ( Lo  Byte)  (slot  4)  into 
accumulator  and  Y  Reg 


Convert  to  floating  point  and 
return  to  BASIC 
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Listing 

A-2.  Annotated  ZAP. 

COM  Assembly  Language  Utility  Routines 

for  F4 I 

TEST. BAS  (cont'd) 

Read  injection 

current : 

6056- 

AD  01 

C2  LDA 

$C201 

Loop  until  current 

6059- 

29  01 

AND 

#$01 

value  ready. 

605B- 

DO  F9 

BNE 

$6056 

605D- 

6E  00 

C2  ROR 

$C200 

6060- 

AD  01 

C2  LDA 

$C201 

Shift  values  in  $C200  and  $C201 

6O63- 

6A 

ROR 

(slot  2)  into  accumulator  and  Y  Reg 

6064  - 

A8 

TAY 

convert  to  floating  point,  and 

6065- 

AD  00 

C2  LDA 

$C200 

return  to  BASIC. 

6068- 

6A 

ROR 

6069- 

29  7F 

AND 

#$7F 

6O6B- 

4C  F2 

E2  JMP 

$E2F2 

606E- 

A2  FF 

LDX 

#$FF 

Time  delay 

6070- 

CA 

DEX 

loop. 

6071  - 

DO  FD 

BNE 

$6070 

6073- 

60 

RTS 

6074- 

EA 

NOP 

6075- 

8D  D4 

CO  STA 

$C0D4 

Output  HV  pulse. 

6078- 

60 

RTS 

Read  HV 

pulse 

duration: 

6079- 

6E  DO 

CO  ROR 

$C0D0 

607C- 

6A 

ROR 

Read  shifted  values  (slot  5,  EW1100 

607D- 

29  80 

AND 

#$80 

607F- 

A8 

TAY 

board),  convert  to  floating  point 

6080- 

AD  DO 

CO  LDA 

$C0  DO 

and  return  to  BASIC. 

6O83- 

6A 

ROR 

6084- 

29  7F 

AND 

#$7F 

6086- 

4C  F2 

E2  JMP 

$E2F2 

6089- 

C9  FC 

CMP 

#$FC 

608B- 

FO  EC 

BEQ 

$6079 

Check  for  correct 

608d- 

C9  FB 

CMP 

#$FB 

entry  point. 

608F- 

FO  E2 

BEQ 

$6073 

6091  - 

4C  DO 

00  JMP 

$00  DO 

APPENDIX  A 


Listing  A-2.  Annotated  ZAP.COM  Assembly  Language  Utility  Routines 

for  F4I  TEST. BAS  (ccnt'd) 

Fast  injection:  output  HV  pulse  and  check  for  excessive  current 


60A0- 

AD 

96 

60 

LDA 

$6096 

Set  Max  I. 

60A3- 

85 

FB 

STA 

$FB 

60A5- 

AD 

97 

60 

LDA 

$6097 

Store  loop 

60A8- 

85 

FA 

STA 

$FA 

counter . 

60AA- 

8d 

D4 

CO 

STA 

$C0  D4 

Output  pulse. 

60AD- 

A9 

01 

LDA 

#$01 

60AF- 

85 

FC 

STA 

$FC 

Time  delay. 

60B1  - 

20 

6E 

60 

JSR 

$606E 

60B4- 

C6 

FC 

DEC 

$FC 

60B6- 

DO 

F9 

BNE 

$60B1 

60B8- 

AD 

01 

C2 

LDA 

$C201 

Loop  until 

60BB- 

29 

01 

AND 

#$01 

current  read 

60BD- 

DO 

F9 

BNE 

$60B8 

ready . 

60BF- 

AD 

00 

C2 

LDA 

$C200 

60C2- 

18 

CLC 

Read  current. 

60C3- 

6a 

ROR 

60C4- 

C5 

FB 

CMP 

$FB 

Compare  with  Max 

60C6- 

10 

05- 

BPL 

$60CD 

quit  if  >Max  I. 

60C8- 

C6 

FA 

DEC 

$FA 

60CA- 

DO 

DE 

BNE 

$60  AA 

Quit  if  done  with 

60CC- 

60 

RTS 

else  continue. 
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ATTN  K.  G.  AUBUCHON 
ATTN  A.  OCHOA 
6155  EL  CAMINO  REAL 
CARLSBAD,  CA  920C8 

HUGHES  AIRCRAFT 
ATTN  D.  BINDER 
PO  BOX  9291  9 
LOS  ANGELES,  CA  90009 

IBM 

ATTN  N.  HADDAD 
ATTN  A.  EDENFELD 
ATTN  T.  F.  MAHAR,  JR. 

ATTN  B.  A.  POSEY 
ATTN  L.  R.  ROCKETT 
ATTN  T.  M  SCOTT 
ATTN  S.  M.  TYPSON 
9500  GODWIN  DR 
BLDG  867/1 B 
MANASSAS,  VA  22110 

ICS  RADIATION  TECH 
ATTN  M.  GAUTHIER 
8916  FLORENCE  AVE  #206 
DOWNEY,  CA  90290-3919 


DISTRIBUTION  (cont'd) 


IRT 

ATTN  J.  C.  PICKEL 

ATTN  N.  J.  RUDIE 

101  S  KRAMER  BLVD  SUITE  132 

PLACENTIA,  CA  2751  4 

IRT  CORP 

ATTN  J.  C.  AZAREWICZ 
ATTN  J.  W.  HARRITY 
ATTN  M.  A.  ROSE 
ATTN  J.  M.  WILKINFELD 
PO  BOX  85317 
SAN  DIEGO,  CA  92138 

JAYCOR 

ATTN  P.  G.  COAKLEY 
ATTN  R.  E.  LEADON 
ATTN  W.  SEIDLER 
11011  TORREYANA  RD 
PO  BOX  851 54 
SAN  DIEGO,  CA  92138 

JAYCOR 

ATTN  S.  C.  ROGERS 
2811  WILSHIRE  BLVD  #690 
SANTA  MONICA,  CA  90272 

JPL-CALTECH 
ATTN  P.  A.  ROBINSON 
ATTN  J.  W.  WINSLOW 
4800  OAK  GROVE  DR 
PASADENA,  CA  91109 

JET  PROPULSION  LAB 

ATTN  J.  MASERJIAN 

ATTN  M.  G.  BUEHLER 

ATTN  J.  COSS 

ATTN  D.  K.  NICHOLS 

ATTN  W.  E.  PRICE 

ATTN  W.  STACKHOUSE 

ATTN  J.  A.  ZOUTENDYK 

1800  OAK  GROVE  DR  MS  180-202 

3ASADENA ,  CA  91109 

KAMAN  SCIENCES  CORP 
ATTN  E.  E.  CONRAD 
1911  JEFFERSON  DAVIS  HWY 
SUITE  1200 
ARLINGTON,  VA  22202 

KAMAN  TEMPO 
ATTN  B.  A.  ALFONTE 
2560  HUNTINGTON  AVE 
SUITE  500 

ALEXANDRIA,  VA  22303 


LOCKHEED 

ATTN  J.  S.  SMITH 
5321  HANOVER  ST 
LOCKHEED  RES  LAB 
PALO  ALTO,  CA  94034 

LOS  ALAMOS  NAT  LAB 
ATTN  R.  S.  WAGNER 
LOS  ALAMOS,  NM  87545 

MARTIN  MARIETTA  LABS 
ATTN  S.  P.  BUCHNER 
1450  SOUTH  ROLLING  RD  4M-424 
BALTIMORE,  MD  21227 

MATRA  AEROSPACE 

ATTN  P.  GAUTIER 

37  ave  LOUIS-BREGUET  B.P.l 

78146  VELIZY-VILLACOUBLAY  CEDEX 

FRANCE  33-1-39469600 

MCDONNELL  DOUGLAS 
ATTN  R.  ZULEEG 
5301  BOLSA  AVE  MS  28 
HUNTINGTON  BEACH,  CA  92647 

G.  C.  MESSENGER 
CONSULTANT 
3111  BEL  AIR  DR  7F 
LAS  VEGAS,  NV  89109 

MISSION  RESEARCH  CORP 
ATTN  E.  A.  BURKE 
1 1  INDIAN  HILL  RD 
WOBURN,  MA  0 1 B I 1 

MISSION  RESEARCH  CORP 
ATTN  D .  R.  ALEXANDER 
ATTN  R.  L.  PEASE 
1720  RANDOLPH  RD 
ALBUQUERQUE,  NM  B ^  1  0 6 

MISSION  RESEARCH  CORP 
ATTN  A.  H.  KALMA 
4935  N  30TH  ST 
COLORADO  SPRINGS,  CO  80919 

MISSION  RESEARCH  CORP 
ATTN  J.  P.  RAYMOND 
ATTN  D.  P.  SNOWDEN 
ATTN  V.  A.  J.  VAN  LINT 
5434  RUFFIN  RD 
SAN  DIEGO,  CA  92123 
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DISTRIBUTION  (cont'd) 


MYERS  AND  ASSOCIATES 
ATTN  D.  K.  MYERS 
1  641  5  RUSTLING  OAK 
MORGAN  HILL,  CA  95037 

NATIONAL  SEMICONDUCTOR 
ATTN  F.  C.  JONES 
ATTN  P.  McNALLY 
112  BELHAVEN  DR 
LOS  GATO,  CA  95030 

NORTHROP  CORP 

NORTHROP  RESEARCH  &  TECH  CTR 

ATTN  A.  BAHARMAN 

ATTN  K.  KITA2AKI 

ATTN  M.  M.  MORIWAKI 

ATTN  Z.  SHANFIELD 

ATTN  J.  SROUR 

ONE  RESEARCH  PARK  0365/T60 
PALOS  VERDES  PENINSU,  CA  90274 


RAYTHEON  CO 
ATTN  H.  FLESCHER 
12  GRANISON  RD 
WESTON,  MA  02193 

RCA 

ATTN  T.  E.  SULLIVAN 
ATTN  H.  VELORIC 
RT  202  MZ1 1 3 
SOMERVILLE,  NJ  08876 

RCA  MICROELECTRONICS  CTR 
ATTN  J.  E.  SAULTZ 
ATL  BLDG  145-3  ROUTE  38 
MOORESTOWN,  NJ  08057 

RCA  ASTRO 

ATTN  G.  BRUCKER 

PO  BOX  800  4 1 0-2-C- 1 9 

PRINCETON,  NJ  08543-0800 


NORTHROP  ELECT 
ATTN  E.  KING 
2301  W  120TH  ST 
HAWTHORNE,  CA  90250 

NORTHROP  ELECTRONICS  DIV 
ATTN  G.  E.  DAVIS 
321  1 9TH  ST,  "B" 

MANHATTEN  BEACH,  CA  90266 

OAK  RIDGE  NAT  LAB 
ATTN  R.  H.  RITCHIE 
OAK  RIDGE,  TN  37830 

OUSDA  (R/AT)  (CET) 

ATTN  LTC  H.  BROWN 
ATTN  COL  W.  FREESTONE 
ATTN  B.  SUMNER 
PENTAGON  MAIL  ROOM  3D-1 39 
121 1  FERN  ST 
WASHINGTON,  DC  20310 

PHYSICON 

ATTN  J.  D.  HARPER 

3225  BOB  WALLACE  AVE  SUITE  I 

HUNTSVILLE,  AL  35805 

PHYSICON  INC 
ATTN  T.  G.  HENDERSON 
10303  MELANIE  DR 
HUNTSVILLE,  AL  35803 

RAYTHEON  MICROELECTRONICS  CTR 
ATTN  S.  L.  KANE 
358  LOWELL  ST  MC  54 
ANDOVER,  MA  01810 


RCA  CORP 

MOORESTOWN  CORP  CENTER 
ATTN  J.  S.  PRIDMORE 
ATL  BLDG 

MOORESTOWN,  NJ  08057 

R&D  ASSOCIATES 
ATTN  G.  M.  SAFONOV 
PO  BOX  9695  BLDG  870 
MARINA  del  REY,  CA  90295 

R&D  ASSOCIATES 
ATTN  F.  COPPAGE 
PO  BOX  9335 

ALBUQUERQUE,  NM  87119 

REC  ELECTRONICS  INC 
ATTN  R.  E.  CONKLIN 
1  1  4  WAYNE  DR 
FAIRBORN,  OH  45324 

RESEARCH  TRIANGLE  INSTITUTE 
ATTN  M.  SIMONS 
PO  BOX  12194 

RESEARCH  TRIANGLE  PARK,  NC  27709 

SACHS/FREEMAN  ASSOC 
ATTN  LEON  S.  AUGUST 
6920  BAYLOR  DR 
ALEXANDRIA,  VA  22307 

SAIC 

ATTN  J.  SPRATT 

2615  PAC  COAST  HWY  #3 00 

HERMOSA  BEACH,  CA  9025^ 
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DISTRIBUTION  (cont’d) 


SAIC 

ATTN  D.  MILLWARD 
ATTN  D.  LONG 

102290  SORRENTO  VALLEY  RD 
SAN  DIEGO,  CA  92121 

SANDIA  NATIONAL  LAB 
ATTN  DIV.  1233,  W.  BEEZHOLD 
ATTN  DIV.  1232,  D.  E.  BEUTLER 
ATTN  DIV  7252,  D.  W.  BUSHMIRE 
ATTN  DEPT  2120,  W.  R.  DAWES,  JR. 
ATTN  DIV  2144,  P.  V.  DRESSENDORFER 
ATTN  DIV  2147,  D.  M.  ^LEETWOOD 
ATTN  DIV  2126,  J.  E.  GOVE'’ 

ATTN  B.  L.  GREGORY 

ATTN  DIV  113,  R-  C.  HUGHES 

ATTN  ORG  2151,  W.  C.  LOVEJOY 

ATTN  DIV.  2144,  J.  D.  McBRAYER 

ATTN  DIV.  2146,  P.  J.  MCWHORTER 

ATTN  DIV  2144,  J.  R.  SCHWANK 

ATTN  DIV  2142,  F.  W.  SEXTON 

ATTN  H.  T.  WEAVER 

ATTN  DIV  2146,  P.  S.  WINOKUR 

ATTN  DIV  2126,  T.  F.  WROBEL 

PO  BOX  5800 

ALBUQUERQUE,  NM  67185 

DAVID  SARNOFF  RESEARCH  CTR 
ATTN  G.  W.  CULLEN,  CN5300 
ATTN  R.  K.  SMELTZER 
ATTN  K.  SCHLESIER,  CN5300  3-079 
PRINCETON,  NJ  07543-5300 

SDIO/T/IS 
ATTN  J.  IONS ON 
ATTN  K .  WU 
ATTN  LTC  M.  KEMP 
ATTN  LTC  R.  GAJEIRSKI 
THE  PENTAGON 

WASHINGTON,  DC  20301-7100 

SIMTEK  CORP 

ATTN  G.  DERBENW1CK 

1626  VICKERS  DR 

COLORADO  SPRINGS,  CO  80918 

SPIRE 

ATTN  B.  BUCHANAN 
PATRIOTS  PARK 
BEDFORD,  MA  01730 

TELEDYNE  BROWN  ENGINEERING 
ATTN  H.  A.  HARDT 
704  CORLETT  DR 
M/S  47 

HUNTSVILLE,  AL  35802 


TEXAS  INSTRUMENT"' 

ATTN  T.  F.  CHEEK,  JR 
PO  BOX  oCCI-U  M’S  j’45 
DALLAS,  TX  75266 

TEXAS  INSTRUMENTS 
ATTN  MISHEL  MATLOUB I  AN 
PC  BOX  65501 2  MS  9«4 
DALLAS,  TX  75265 

TEXAS  INSTRUMENTS 

ATTN  R.  SUNDARESAN,  MS  944 

ATTN  L.  R.  HITE,  MS369 

ATTN  W.  BAILEY 

PO  BOX  65562. 

DALLAS,  TX  75265 

TEXAS  INSTRUMENTS 
ATTN  T.  HOUSTON 
627  OPAL  LN 
RICHARDSON,  TX  75080 

TEXAS  INSTRUMENTS 
ATTN  G.  A.  BROWN 
1512  RIDGEVIEW  DR 
ARLINGTON,  TX  76012 

TEXAS  INSTRUMENTS,  INC 
ATTN  F.  W.  POBLENZ 
1923  DEEP  VALLEY  DR 
RICHARDSON,  TX  75080 

TRW 

ATTN  A.  A.  WITTELES 
6908  VERDE  RIDGE  RD 
PALOS  VERDES,  CA  90274 

TRW 

ATTN  DAVID  W.  ALEXANDER 
416  THE  TERRACE  It 4 
REDLANDS,  CA  92373 

TRW 

ATTN  M.  HOPKINS,  MSI  34/8822 
ATTN  JAMES  S.  CABLE,  DI/1302 
ATTN  MILTON  ASH,  R6/21S4 
ATTN  A.  CARLAN,  1 34-9039 
ONE  SPACE  PARK 
REDONDO  BEACH,  CA  90278 

UNITED  TECH.  MICROELECTRONICS  C 

ATTN  C.  GWYN 

ATTN  P..  WOODRUFF 

1575  GARDEN  OF  THE  GODS 

COLORADO  SPRINGS.  ’'0  80007 
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DISTRIBUTION  (cont'd) 


UNITED  TECHNOLOGIES  CORP  MOSTEK 
ATTN  J.  P.  MIZE 
CARROLLTON,  TX  75006 

WESTINGHOUSE 
ATTN  F.  BLAHA 
421  DAVID  DR 
ARNOLD,  MD  21012 

WESTINGHOUSE  ELECT 
ATTN  E.  J.  VITEK 
PO  BOX  1521  MS  5210 
BALTIMORE,  MD  21203 

WESTINGHOUSE  ELECTRIC 
ATTN  R.  CRICCHI 
PO  BOX  1521  MS3531 
BALTIMORE,  MD  21203 

WOLICKI  ASSOCIATES  INC 
ATTN  E.  WOLICKI 
1310  GATEWOOD  DR  MSI  2 
ALEXANDRIA,  VA  22307 

NATIONAL  BUREAU  OF  STANDARDS 
ATTN  H.  S.  BENNETT,  ROOM  B310 

ATTN  T.  J.  RUSSEL 

ATTN  S.  M.  SELTZER,  536.01 

ATTN  J.  S.  SUHLE,  B308 

BLDG  225 

GAITHERSBURG,  MD  20893 

UNIVERSITY  OF  ARIZONA 
ATTN  K.  F.  GALLOWAY 
BLDG  104,  ELEC  &  COMP  ENG 
TUCSON,  AZ  85721 

CLARKSON  UNIVERISTY 
ATTN  P.  J.  MCNULTY 
PO  BOX  292 
CANTON,  NY  13617 

HAMPTON  UNIVERSITY  6465 
ATTN  DEMETRIUS  D.  VENABLE 
HAMPTON,  VA  23668 

UNIVERSITY  OF  NEW  MEXICO 

DEPT  EEE 

TAPY  HALL 

ATTN  D.  A.  NEAMAN 

ALBUQUERQUE,  NM  87131 

NORTH  CAROLINA  SU 
ATTN  L.  MASSENGILL 
NCSDU-ECE  DEPT.  BOX  791  1 
RALEIGH,  NC  27695-7911 


NORTH  CAROLINA  SU 
ATTN  J.  HAUSER 
ECE  DEPT  BOX  791 1 
RALEIGH,  NC  27695-7911 

PENNSYLVANIA  STATE  UNIVERSITY 
ATTN  W.  WARREN,  127  HAMMOND  BLDG 
ATTN  H.  WITHAM,  227  HAMMOND  BLDG 
ATTN  P.  M.  LENAHAN,  123  HAMMOND  BLDG 
UNIVERSITY  PARK,  PA  16802 

RENSSELAER  POLYTECHNIC  INST 
ATTN  R.  C.  BLOCK 
RPI  LINAC 
TROY,  NY  12180 

VANDERBILT  UNIVERSITY 
ATTN  D.  KERNS 
ATTN  S.  KERNS 

DEPT  OF  ELECTRICAL  ENGINEERING 
NASHVILLE,  TN  37212 

YALE  UNIVERSITY 

DEPT  OF  ELECTRICAL  ENGINEER 

ATTN  T.  P.  MA 

ATTN  E.  DaSILVA 

PO  BOX  2157  YALE  S 

NEW  HAVEN,  CT  06520 

US  ARMY  LABORATORY  COMMAND 
ATTN  TECHNICAL  DIRECTOR,  AMSLC-TD 

INSTALLATION  SUPPORT  ACTIVITY 
ATTN  LEGAL  OFFICE,  SLCIS-CC 

USA  ISC 

ATTN  RECORD  COPY,  ASNC-ADL-TS 
ATTN  TECHNICAL  REPORTS  BRANCH, 
ASNC-ADL-TR  (2  COPIES) 

HARRY  DIAMOND  LABORATORIES 

ATTN  D/DIVISION  DIRECTORS 

ATTN  LIBRARY,  SLCHD-TL  (3  COPIES) 

ATTN  LIBRARY,  SLCHD-TL  (WOODBRIDGE) 

ATTN  CHIEF,  SLCHD-NW-E 

ATTN  CHIEF,  SLCHD-NW-EC 

ATTN  CHIEF,  SLCHD-NW-ED 

ATTN  CHIEF,  SLCHD-NW-EE 

ATTN  CHIEF,  SLCHD-NW  R 

ATTN  CHIEF,  SLCHD-NW-RA 

ATTN  CHIEF,  SLCHD-NW-RC 

ATTN  CHIEF,  SLCHD-NW-RE 

ATTN  CHIEF,  SLCHD-NW-RH 

ATTN  CHIEF,  SLCHD-NW-RI 

ATTN  CHIEF,  SLCHD-NW-P 
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DISTRIBUTION  (cont'd) 


HARRY  DIAMOND  LABORATORIES  (cont'd) 

HARRY 

ATTN 

CHIEF,  SLCHD-TT 

ATTN 

ATTN 

R. 

G.  WARDELL,  SLCHD-DE-OS 

ATTN 

ATTN 

B. 

ZABLUDOWSKI,  SLCHD-IT-EB 

ATTN 

ATTN 

B. 

VAULT,  SLCHD-NW 

ATTN 

ATTN 

A. 

HERMANN,  SLCHD-NW-EC 

ATTN 

ATTN 

C. 

KENYON,  SLCHD-NM-EC 

ATTN 

ATTN 

C. 

LE,  SLCHD-NW-EC 

ATTN 

ATTN 

T. 

MAK,  SLCHD-NW-EC 

ATTN 

ATTN 

R. 

MOORE,  SLCHD-NW-EC 

ATTN 

ATTN 

A. 

NGUYEN,  SLCHD-NW-EC 

ATTN 

ATTN 

C. 

REIFF,  SLCHD-NW-EC 

ATTN 

ATTN 

D. 

TROXEL,  SLCHD-NW-EC 

ATTN 

ATTN 

J. 

BRAND,  SLCHD-NW-P 

ATTN 

ATTN 

J. 

CORRIGAN,  SLCHD-NW-P 

ATTN 

ATTN 

R. 

POLIMADEI ,  SLCHD-NW-P 

ATTN 

ATTN 

A. 

BABA,  SLCHD-NW-RA 

ATTN 

ATTN 

L. 

BELLIVEAU,  SLCHD-NW-RA 

ATTN 

ATTN 

G. 

MERKEL,  SLCHD-NW-RA 

ATTN 

ATTN 

R. 

FLEETWOOD,  SLCHD-NW-RA 

ATTN 

ATTN 

B. 

SCHALLHORN,  SLCHD-NW-RA 

ATTN 

ATTN 

M. 

SMITH,  SLCHD-NW-RA 

ATTN 

ATTN 

J  . 

,  M .  BENEDETTO,  SLCHD-NW-RC 

ATTN 

ATTN 

K. 

W.  BENNETT,  SLCHD-NW-RC 

ATTN 

ATTN 

T. 

V.  BLOMQUIST,  SLCHD-NW-RC 

ATTN 

ATTN 

M. 

DIMANNA,  SLCHD-NW-RC 

ATTN 

ATTN 

A. 

J.  LELIS,  SLCHD-NW-RC 

ATTN 

ATTN 

W. 

DELANCEY,  SLCHD-NW-RC, 

ATTN 

ATTN 

T. 

GRIFFIN,  SLCHD-NW-RC 

ATTN 

ATTN 

J. 

HARTMAN,  SLCHD-NW-RC 

ATTN 

ATTN 

L. 

MADOO,  SLCHD-NW-RC 

ATTN 

ATTN 

J. 

M.  McGARRITY ,  SLCHD-NW-RC 

ATTN 

(20  COPIES) 

ATTN 

ATTN 

F. 

B.  MCLEAN,  SLCHD-NW-RC 

ATTN 

ATTN 

T. 

R.  OLDHAM,  SLCHD-NW-RC 

ATTN 

ATTN 

R. 

REAMS,  SLCHD-NW-RC 

ATTN 

ATTN 

B. 

J.  ROD,  SLCHD-NW-RC 

ATTN 

ATTN 

T. 

TAYLOR,  SLCHD-NW-RC 

ATTN 

ATTN 

C. 

FAZI,  SLCHD-NW-RE 

ATTN 

R. 

CARVER,  SLCHD-NW-RE 

DIAMOND  LABORATORIES  (cont'd) 

J.  TATUM,  SLCHD-NW-RE 

A.  WARD,  SLCHD-NW-RE 
M.  ZAHRIGEH,  SLCHD-NW-RE 
J.  BLACKBURN,  SLCHD-NW-RH 
M.  BUMBAUGH,  SLCHD-NW-RH 
H.  EISEN,  SLCHD-NW-RH 

R.  GILBERT,  SLCHD-NW-RH 

S.  MURRILL,  SLCHD-NW-RH 

G.  OVREBO ,  SLCHD-NW-RH 
P.  REINER,  SLCHD-NW-RH 
C.  ROSS,  SLCHD-NW-RH 
C.  SELF,  SLCHD-NW-RH 

C.  TIPTON,  SLCHD-NW-RH 

J.  VANDERWALL,  SLCHD-NW-RH 

H.  BRANDT,  SLCHD-NW-RI 

A.  BROMBORSKY,  SLCHD-NW-RI 

D.  DAVIS,  SLCHD-NW-RI 
G.  HUTTLIN,  SLCHD-NW-RI 

A.  KEHS,  SLCHD-NW-RI 

K.  KERRIS,  SLCHD-NW-RI 
R.  LAMB,  SLCHD-NW-RI 

L.  LIBELO,  SLCHD-NW-RI 

M.  LITZ,  SLCHD-NW-RI 

B.  RUTH,  SLCHD-NW-RI 
J.  SOLN,  SLCHD-NW-RI 

D.  WhITTAKER,  SLCHD-NW-RI 

C.  ARSEM,  SLCHD-ST-AD 

T.  BAHDER,  SLCHD-ST-RA 
J.  BRUNO,  SLCHD-ST-RA 

P.  B.  JOHNSON,  SLCHD-ST-A 
J.  STELLATO ,  SLCHD-ST-RA 

G.  SIMON  IS,  SLCHD-ST-RA 

C.  MORRISON,  SLCHD-ST-RA 
R.  NEIFELD,  SLCHD-ST-RA 
M.  TOBIN,  SLCHD-ST-RA 

D.  WORTMAN ,  SLCHD-ST-RA 

H.  E.  BOESCH,  SLCHD-NW-RC 
(20  COPIES' 


